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ABSTRACT
Surgical trauma caused by oxidative stress was investigated using ether 
anaesthesia and ischaemia reperfusion models in fed and fasted rats. The results 
showed:
(1) The hepatotoxic/nephrotoxic effects of ether anaesthesia are due in part to 
overnight fasting, and in part to ether toxicity. Both fasting and ether induce 
cytochrome P4502E1, which produces a burst of reactive oxygen species, 
resulting in oxidative stress, lipid peroxidation, the destruction of other constitutive 
cytochromes P450, and tissue necrosis (Chapters 2, 3).
(2) During ether anaesthesia the tissues are faced with a high potential for oxidative 
stress, with the continuous decrease of the tissue contents of GSH and other 
antioxidants. The consequence is that anaesthetic dosage correlates positively with 
the extent of lipid peroxidation, and negatively with tissue total antioxidant 
contents (Chapter 4).
(3) Oxidative stress is now measurable in tissues by the use of the oxygen 
electrode to determine ratical-trapping activity (Chapter 5).
(4) In ischaemia-reperfusion tissue injury, in addition to xanthine oxidase acting as 
a source of reactive oxygen species, the accumulation of neutrophils in the 
ischaemia-reperfused tissue is also an important source ofROS (Chapter 6).
ACKNOWLEDGEMENTS
I would like to express my appreciation to my supervisors Professor D.V. 
Parke and Dr. A.M. Symons for their knowledge, wise advice and continual 
encouragement during the whole of my Ph. D. course of study.
I would like to appreciate my thanks to Professor G. Gordon Gibson, Dr. 
C. loannides for their valuable advice and help. I also wish to acknowledge 
my gratitude to Mr. Peter Kentish, Dr. Julie Howarth, Dr, J. Shavila and Dr. 
Eric Ah-Sing for their technical help.
I wish to thank the Royal Society, the Henry Lester Trust, and the Sir 
Rally Stewart Trust for financial support of my study leave in the UK.
DEDICATIONS
To my wife Bouxuan Xhi and my son Yong Liu for their love, 
patience and support.
ABBREVIATIONS
ABAP 2 ,2 '-azo-bis (2 -amidinopropane hydrochloride)
ARDS aduld respiratory distress syndrome
ATP adenosine triphosphate
CL chemiluminescence
DDS didodecyl sulphate
DFO desferrioxamine
DTNB 5 ,5 '-dithiobis-2 -nitrobenzoic acid
EDTA ethylenediaminetetraacetic acid
EROD ethoxyresorufin-O-deethylase
EPR electron paramagnetic resonance
Total GS total glutathione
GSH reduced glutathione
GSSG oxidised glutathione
GSH-Px glutathione peroxidase
GR glutathione reductase
IEA immunoelectrophoredc analysis
KC Kupffer cells
LPO lipid peroxidation
MDA malondialdehyde
MOP multiple organ failure
NADP nicotinamide adenine dinucleotide phosphate
NEM N-ethylmaleimide
NO nitric oxide
ONOO oxidant peroxinitrite
PAF platelet activating factor
PMN polymorphonuclear
PROD pentoxyresorufin-O-dealkylase
RTA radical trapping activity
SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis
SOD superoxide dismutase
TBA thiobarbituric acid
TBARS thiobarbituric acid-reactive substances
TNF tumour necrosis factor
XDH xanthine dehydrogenase
XO xanthine oxidase
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1Chapter 1 Introduction -  
Reactive Oxygen Species in Biomedicine
1-1 Surgical Trauma
Surgical trauma has been one of the major problems of medicine, probably being a 
greater cause of death than infectious diseases. It greatly limited surgical procedures, 
precluding open-heart surgery and organ transplants, and required surgeons to work at 
speed, as the severity of the trauma, and mortality rates, seemed to be related directly to 
the duration of the surgery. Post-surgical trauma, similar to accident trauma, was shown 
to result in hepatic dysfunction, and to hepatic and renal necrosis, in the early 1920s 
(Babcock 1944), and various reasons have been advanced over the years to explain this 
phenomenon, including anaesthetic toxicity, hypovolemic shock, electrolyte imbalance, 
and haemorrhage-induced reperfusion injury (McCord 1985). Although replacement of 
the earlier anaesthetics (chloroform, diethyl ether) by safer chemicals has largely overcome 
the problem, surgical trauma continues to be a significant cause of fatalities particularly 
following serious accidents and battle injury.
Studies of the problem have indicated hepatic and renal damage, the protective role of 
tissue glutathione, and the probable involvement of oxygen toxicity and reactive oxygen 
species (Babcock 1944, Bourne 1936, McCord 1985). The source(s) of reactive oxygen 
species (ROS) has not been identified, and it was considered that the elucidation of the 
molecular mechanism(s) involved might lead to a better understanding of the problem and 
to more effective ways of preventing its occurrence.
1-2 Oxygen -  the Source of Life and Death
Free oxygen appeared in the Earth's atmosphere in significant amounts about one 
thousand million years ago, probably due to the evolution of oxygen-evolving 
photosynthetic organisms (Watson 1991). Except for those organisms that are especially 
adapted to live under anaerobic conditions, all animals and plants require oxygen for the 
efficient production of energy. Oxygen is the most abundant element in the Earth's crust 
(atomic abundance 53.8%) and the percentage of oxygen in the atmosphere has increased 
to 21% in dry air (Figure 1-1).
UntvdSlly 
c f  S n m y
2The oxygen concentration within the living cell depends on the distance the oxygen 
has to travel from the blood to reach the cell and on how quickly it is consumed. Oxygen 
is seven-to-eight times more soluble in organic solvents than in water, important when 
considering oxidative damage to biological membranes.
As the oxygen content of the atmosphere increased, it also exposed living matter to 
oxygen toxicity. Oxidations in the cell, can be harmful to the organism, and in some 
cases lethal. The damaging effects of oxygen on strict anaerobes seem to be due to the 
oxidation of essential cellular components. Studies of anaerobes show us what must have 
happened to the numerous primitive species that failed to adapt to oxygen and were lost 
during evolution.
Oxygen toxicity in aerobes
Life span has been shown to be approximately inversely related to tissue oxygen 
uptake and hence to body size. Survival has also been shown to be inversely related to 
oxygen pressure for protozoa, mice, fish, rats, rabbits and insects. The toxicity of 0% to 
animals, including man, has been of interest in relation to diving, and more recently, in 
the use of O2 in the treatment of cancer, gas gangrene, multiple sclerosis and lung 
diseases. High-pressure O2 frequently causes acute central nervous system toxicity. O2 
concentration of 50% or above of atmosphere pressure, corresponding to an inspired 
partial pressure of 360 mmHg, gradually damages the lungs. Table 1-1 lists some typical 
effects of oxygen on animal tissues.
The damaging effects of O2 on aerobic organisms vary with the nature of the 
organism, its age, physiological state, and diet. Oxygen toxicity is also influenced by the 
presence in the diet of varying amounts of vitamins A, E, and C, heavy metals, 
antioxidants, and polyunsaturated fatty acids.
Perhaps the earliest suggestion to explain O2 toxicity was that O2 inhibits cellular 
enzymes. In general, however, the rates of enzyme inhibition by O2 in aerobic cells are 
too slow and too limited. This led Gerschman and Gilbert to propose in 1954 that most 
of the damaging effects of O2 could be attributed to the formation of reactive oxygen 
species (ROS) (Gerschman, 1981).
Reactive oxygen species have been observed to inactivate enzymes (Maridonneau et 
ah 1983), cause erythrocyte haemolysis, kill bacteria (Gabig & Babior, 1979), degrade 
DNA (Jackson et al. 1987, Schraufstatter et al. 1988), and to destroy animal cells in 
culture. Table 1-2 summarizes some of these effects, and Table 1-3 lists some of the 
toxic effects of the superoxide radical.
What are free radicals?
Free radicals are molecular species capable of independent existence that contain one 
or more unpaired electrons (Table 1-4). Radicals can be formed when a covalent bond is 
broken if one electron from each of the pair shared remains with each atom, a process
3known as homolytic scission. The energy required to dissociate the covalent bond can be 
electron-magnetic, thermal or chemical. Many drugs (phenothiazines) are metabolized to 
stable free radicals; the free radical NO. is now known to regulate vasodilatation and 
other processes.
In biological systems the one-electron reduction product of O2 is superoxide anion, 
the two-electron product is hydrogen peroxide, and the four-electron product is water.
O2 one electron reduction 0 2 "- 
O2 two electron reduction H2O2 
O2 four electron reduction 2H2O 
Since the 0 - 0  bond is relatively weak, hydrogen peroxide decomposes easily, 
homolytic scission giving the hydroxyl radical.
The Fenton reaction
A mixture of hydrogen peroxide and an iron II salt reacts with many organic 
molecules, as was first observed by Fenton in 1894. The reactivity is most likely due to 
formation of the hydroxyl radical:
Fe2+ + H20 2  — ------------ ► Fe3+ + OH + OH"
It was therefore suggested that O2 - and hydrogen peroxide can interact to form the 
highly reactive hydroxyl radical according to the overall equation:
H2O2 + 0 2‘- *JD2 + OH" + OH
The above reaction was first postulated by F. Haber and J. Weiss in 1934 and has 
become known as the Haber-Weiss reaction. Since iron salts are available in vivo, a 
possible mechanism for the formation of hydroxyl radical from superoxide can be written 
as follows, although recent work has shown it to be a gross over simplification:
Fe3+ + 0 2- ---------* -F e2+ + 0 2
Fe2+ + H20 2  ►- Fc + OH + OH çpenton reaction)
Net: 0 2- + H20 2  ---------* - 0 2 + OH +0H "
( sometimes called as iron-catalysed Haber-Weiss reaction) 
ROS will react with molecules in their immediate surroundings when they are generated. 
Much of the damage caused by 02'* may be done by the 02"*- dependent generation of 
more reactive species such as OH* (Davies 1987), but this still means that the removal of 
02"' by SOD would be a valuable protective mechanism.
1-3 Protection Against Reactive Oxygen Species in Biological Systems 
Protecting enzymes
Hydrogen peroxide is damaging in living systems principally because it can give rise 
to the formation of OH* radicals. Two types of enzymes exist to remove hydrogen 
peroxide within cells. They are the catalases and peroxidases.
4Catalase: Most aerobic cells contain catalase activity. In animals catalase is present in 
all major body organs, being especially concentrated in liver and erythrocytes (Sies et al. 
1973). Catalase catalyses the reaction:
2H20 2 catalase^ 2 H 20  + 0 2 
Catalase in animal and plant tissues is located mostly in subcellular organelles 
bounded by a single membrane, known as peroxisomes.
Glutathione peroxidase: Most free glutathione in vivo is present as GSH rather than 
as GSSG, the oxidized form. Glutathione peroxidase is found at high activity in liver, 
moderate activitym  heart, lung, and brain and low activity in muscle. The enzyme is 
specific for GSH as a hydrogen donor, and contains selenium, which is probably present 
in the active site of the enzyme as selenocysteine, in which the normal sulphur atom of 
cysteine has been replaced by a selenium atom. Trace amounts of selenium are required 
in animal diets, although it is toxic in excess, and several of the symptoms of selenium 
deficiency can be explained by the resulting lack of glutathione peroxidase. Glutathione 
peroxidase found in the cytosol and mitochondria of animal tissue, helps to dispose of 
hydrogen peroxide by catalysing the reaction:
2GSH + H2Q2 .  ^  2H20  + GSSG
The ratio of GSH/GSSG in normal cells is maintained at high levels (>10:1 in rat 
liver, erythrocyte, heart, lung, kidney, brain and muscle), so there must be a mechanism 
for reducing GSSG back to GSH.
This is achieved by glutathione reductase enzymes, which catalyse the reaction 
GSSG + NADPH + H+ glutathl0ne reductase^ 2GSH + NADP+
The NADPH required is mainly provided in animal tissues by oxidations of the 
oxidative pentose phosphate pathway. The first enzyme in this pathway is glucose-6- 
phosphate dehydrogenase.
If the rate of H2O2 production exceeds the capacity of the enzyme to generate 
NADPH, e.g. the rate of H2O2 production in erythrocytes is increased by certain drugs, 
then GSH/GSSG ratios fall and glutathione peroxidase stops working, leading to 
destruction of the red blood cell (haemolysis), anaemia, and jaundice due to the excessive 
degradation of released haemoglobin.
Liver contains high concentrations of both catalase and glutathione peroxidase. 
Superoxide dismutases: (1) The copper-zinc enzymes —  In 1938, T. Mann and D. 
Keilin in England described a blue-green protein containing copper that they isolated 
from bovine blood and they called it haemocuprein, and suggested that haemocuprein 
served as metal stores. However, in 1969 the work of J.M. McCord and I. Fridovich in 
the USA identified this as a superoxide radical dismutase enzyme. Copper-zinc- 
containing superoxide dismutases (CuZnSOD) are highly active enzymes and easily
isolated. The copper ions appear to function in the dismutation reaction by undergoing
alternate oxidation and reduction, i.e.
Enzyme-Cu2+ + 0 2"' Enzyme-Cu+ + 0 2
Enzyme-Cu+ + 0 2"‘ + 2H+ ►Enzyme-Cu2* + H20 2
Net reaction: 0 2"" + 0 2‘" + 2H+------ ►»H20 2+ 0 2
(2) The manganese enzymes -  The superoxide dismutase first isolated from E. coli 
proves to be entirely unlike the CuZn-enzymes. It was pink rather than blue-green, had
a molecular weight of 40,000 rather than 32, 000, and contained manganese at its active 
site, this being in the M nin state in the enzyme. MnSOD catalyses exactly the same 
reaction as does the CuZnSOD. In a normal growth medium, the fungus Dectylium 
dendroides contains 80% of its SOD activity as CuZnSOD, and 20% as MnSOD, but if 
the copper supply is restricted, more MnSOD is synthesized to maintain constant total 
cellular SOD activity. Similarly, an increase in CuZnSOD activity has been observed in
the liver of chickens fed on a Mn-restricted diet.
(3) The iron enzyme -  From the bacterium E. coli, an iron-containing enzyme has 
been identified and was detected subsequently in several other bacteria and algae. No 
animal tissues have been found to contain FeSOD, but a few higher plants tissues do 
contain this enzyme.
Inhibition of SOD in rat lung can lead to inactivation of glutathione peroxidase, which 
illustrates the interdependence of these enzymes. SOD may not be the only mechanism by 
which 02'- is removed in aerobes. Ascorbate reacts rapidly with 02'* and may play an 
important role in this respect in isolated chloroplasts and in the lens of the human eye. 
Substantial evidence shows that SOD is the major protector against O2 - toxicity and, if 
not active must be replaced by other protecting mechanisms, or the death of the cell 
ensues.
Superoxide is also directly cytotoxic by inactivating various enzymes. In studies of 
hepatic ischaemia and reperfusion in vivo, pretreatment with SOD (Romani et al. 1988, 
Nauta et al. 1990) and catalase (Atalla et al. 1985, Nauta et al, 1990) had beneficial 
effects. In contrast, there are also reports that SOD (Lambotte et al. 1988) or catalase 
(Chiu & Toledo-Pereyra 1987) were ineffective against hepatic reperfusion injury. The 
situation is complicated by the very short half-life of SOD in blood in vivo (approx. 6 
minutes) (Bayati et al. 1988). Under these conditions SOD may not have time to enter 
cells but could effectively remove ROS present in the extracellular space.
Protection by small molecules
Several compounds are known to function as chain-breaking antioxidants. For 
example, ascorbic acid, tocopherols, uric acid, cysteine, and glutathione scavenge 
reactive oxygen species and suppress the oxidation of lipids. Recently, Wayner et al. 
(1987) have measured the relative contribution of chain-breaking antioxidants in human
6plasma and obtained the following data: urate 35-65%,«plasma proteins 10-50%, 
ascorbate 0-24%, and vitamin E 5-10%.
Glutathione (see Chapter 4)
Uric Acid: Matsushita found in 1963 that uric acid was as effective an antioxidant as 
tocopherols in the oxidation of linoleic acid in water at 37°C. Ames (1981) has pointed to 
the fact that uric acid, present in human blood plasma at concentrations in the range 0.12 
to 0.45  mmol per litre, is a powerful scavenger of singlet oxygen and of hydroxyl 
radicals, and it had previously been established that uric acid inhibited lipid peroxidation 
(Grootveld & HaSfiweil 1987). The extracellular fluids of the body contain only low 
activities of superoxide dismutase and catalase, and uric acid may contribute significantly 
to anti-oxidant defence. Uric acid reacts with OH* and forms a peroxy radical (R-02*) 
which is less reactive than OH', although it can damage at least one enzyme (Kim et al. 
1987).
Ascorbic acid (vitamin C): Plants and most animals can synthesize vitamin C from 
glucose, but humans, primates and guinea-pigs have lost one of the enzymes necessary 
for synthesis, during evolution, so require ascorbic acid in the diet. Ascorbic acid is 
required in vivo as a cofactor for some enzymes. The most important chemical activity of 
ascorbate is its ability to act as a reducing agent (electron donor). Its ability to reduce 
Fe(III) to Fe(II) is important in promoting the uptake of iron in the gut. The observation 
that dietary ascorbate inhibits the carcinogenic action of several nitroso compounds fed to 
animals can be attributed to its ability prevent the nitrosation of amino acids. Ascorbate 
may help to detoxify various organic radicals in vivo by a similar reduction process 
(Figure 1-2).
However, like 02'*, ascorbate can reduce Fe(III) ions to Fe(II) and, in the presence of 
hydrogen peroxide, can stimulate OH* formation by the Fenton reaction, thus promoting 
oxygen toxicity. The overall effect will depend on the concentration of ascorbate present, 
since it also scavenges OH*.
a-Tocopherol (vitamin E): Vitamin E is a group of fat-soluble molecules whose 
structure is shown in Figure 1-3. Being lipophilic, it will tend to concentrate in the 
interior of membranes. It is the major, if not the only, lipid soluble antioxidant in human 
blood cells and rat liver. Vitamin E first scavenges peroxyl radicals and donates hydrogen 
atoms to yield lipid hydroperoxide and vitamin E radicals. The vitamin E radical is 
resonance-stabilized, does not propagate the peroxidative chain because the unpaired 
electron on the oxygen atom can be delocalized into the aromatic ring structure, but reacts 
with another peroxyl radical rapidly to give a stable adduct. One molecule of vitamin E 
scavenges two molecules of peroxyl radicals (Wayner et al. 1987). The vitamin E radical 
can be reduced back to vitamin E by ascorbate, and this is a further mechanism by which 
vitamin C protects against peroxidation. Reduction would presumably occur close to the
membrane surface since it is unlikely that the polar vitamin C molecule would enter the 
hydrophobic interior (Figure 1-4).
Depletion of body vitamin E stores usually occurs in adult humans only after 
prolonged intravenous feeding or abnormalities of fat absorption in the gut. Erythrocytes 
from such patients show an increased susceptibility to haemolysis induced in vitro by 
conditions favouring lipid peroxidation. Premature babies have low vitamin E levels, and 
their erythrocytes are more susceptible to haemolysis in vitro than normal. Vitamin E also 
protects premature babies against retrolental fibroplasia. In this disease there is increased 
"oxidative stress" or a decrease in protective mechanisms.
In liver ischaemia, a significant loss of liver tocopherols and coenzyme Q content was 
observed, particularly during the first hour of reperfusion after 90 minutes of hepatic no­
flow ischaemia (Marubayashi et a l  1984). Moreover, pretreatment with tocopherol 
improved the recovery of tissue ATP levels, prevented the increase in thiobarbituric acid 
reacting substances (lipid peroxidative products, TEAR) and attenuated the loss of 
hepatic glutathione during the early reperfusion period (Marubayashi et a l  1986). 
E xtracellu lar antioxidants: The extracellular fluids of the human body, such as 
blood plasma, tissue fluid, sweat, cerebrospinal fluid, synovial fluid, contain little 
superoxide dismutase, catalase, or glutathione peroxidase activities, although plasma 
from rats, mice or rabbits is richer in SOD activity.
A group of acute-phase proteins exists in the blood plasma, whose synthesis by the 
liver is increased in response to tissue damage, e.g. due to trauma, or both acute and 
chronic inflammation (Table 1-5). It is speculated that increased synthesis of these 
proteins is a mechanism to protect tissues against further damage since disrupted tissues 
are more susceptible to lipid peroxidation. This extracellular antioxidant activity has been 
neglected because of the interest in such enzymes as superoxide dismutase and 
glutathione peroxidase, and so our knowledge of acute phase proteins is grossly 
inadequate. Clearly, there is a lot about antioxidant protection in vivo that we do not yet 
know.
1-4 Form ation of Superoxide in vivo
Most oxygen taken up by higher aerobes is reduced to form water and to produce 
energy in the mitochondrial electron transport chain. However, a number of enzymes 
have been discovered that actually reduce oxygen to 0 % Xanthine oxidase and the 
oxidase action of peroxidase are examples.
In general it is difficult to assess the contributions of these oxidation reactions to D e ­
formation in vivo, but one such reaction occurs in oxyhaemoglobin. The bonding in 
oxyhaemoglobin is intermediate between Fe(II) bonded to O2, and Fe(III) bonded to the
8superoxide radical, and every so often a molecule of oxyhaemoglobin undergoes 
decomposition with release of O2'*
Haem-Fe2+-O j :^ ~ ~ ~ Haem Fe3+- 0 2"' — ^  ° 2  + Haem-Fe3+
The product with Fe(III) present in the haem ring is unable to bind oxygen and is thus 
biologically inactive; it is methaemoglobin (Figure 1-5). It has been estimated that about 
three per cent of the haemoglobin present in human erythrocytes undergoes such 
oxidation every day, and so these cells are exposed to a constant flux of 0 2 "-. Mature 
mammalian erythrocytes contain no nuclei or mitochondria, nor can they synthesize 
proteins or membfEie lipids. Since they have to survive for an average of 120 days in the 
circulation of humans, they must carefully protect themselves against O ?' toxicity using 
CuZnSOD, catalase, glutathione peroxidase.
Probably the most important sources of 0 2 '* in vivo in most aerobic cells are the 
electron transport chains of the mitochondria and of the endoplasmic reticulum. The most 
important function of animal mitochondria is the oxidation of NADH and of FADH2 
produced during the Krebs cycle, the (3-oxidation of fatty acids, and other metabolic 
pathways. The energy released by these oxidations is used to drive ATP synthesis 
(Figure 1-6).
The endoplasmic reticulum of many animal, and some plant, tissues contains a family 
of mixed-function oxidases known as the cytochromes P450. Liver endoplasmic 
reticulum is especially rich in P450, which metabolizes a large number of chemicals 
(xenobiotics and endogenous materials). Some of these can increase the synthesis of one 
or more forms of the cytochrome when fed to animals chronically (enzyme induction). 
Usually the products of reaction of xenobiotics with P450 are less toxic than the starting 
material (detoxication), but this is not always the case; there is evidence that it is the 
hydroxylated products of paracetamol and of carcinogenic polycyclic hydrocarbons, such 
as benzo(a)pyrene, that are responsible for the cellular damage that these compounds 
cause (see Chapter 2, 3).
Contemplation of the numerous roles of the mitochondria and endoplasmic reticulum 
indicates that production of O2"' would be very likely to occur within all aerobic cells, but 
it is very difficult to assess the actual amount produced. In extracts of the bacterium 
Streptococcus faecaiis incubated with NADH, 17% of the oxygen consumed was used 
to form 0 2 "-, although this figure obviously need not apply to intact cells. It is probably 
an overestimate, since disruption of cellular structures probably allows electrons to 
escape to oxygen more easily, as in the case of liver microsomes.
1-5 Lipid Peroxidation: A Radical Chain Reaction
Lipid peroxidation can damage membrane proteins as well as the lipids. In animal cell 
membranes the dominant lipids are phospholipids based on glycerol. Fatty acids jvith
9none, one, or two double bonds are more resistant to oxidative attack than are the 
polyunsaturated fatty acids e.g. arachidonic acid with 4 double bonds; polyunsaturated 
fatty-acid side-chains are present in many membrane phospholipid molecules.
There is considerable evidence that the lipid bilayer is the basic structure of all cell and 
organelle membranes, protein being inserted in different parts of the bilayer. Membrane, 
fluidity is due to the presence of polyunsaturated fatty-acid side-chains in the many 
membrane lipids; this lowers the melting point of the membrane interior so that it 
effectively gains the chemical nature and viscosity of a "light oil". Damage to 
polyunsaturated fatty acids decreases membrane fluidity, which is known to be essential 
for the proper functioning of biological membranes.
The peroxidation process: Lipid peroxidation has been defined as the "oxidative 
deterioration of polyunsaturated lipids". Margarines, cooking oils, paints, plastics, 
lacquers, and rubber, all contain polyunsaturated lipids, and hence can undergo oxidative 
damage.
The membranes surrounding cells and cell organelles contain large amounts of 
polyunsaturated fatty-acid side-chains and are readily oxidized by reactive oxygen 
species-initiated chain mechanisms as illustrated in Figure 1-7 (Poli et al. 1989, Warso & 
Lands 1985). Initiation of a peroxidation sequence in a membrane or polyunsaturated 
fatty acid is due to attack by any species that has sufficient reactivity to abstract a 
hydrogen atom from a methylene (-CH2-) group. Since a hydrogen atom has only one 
electron, this leaves behind as unpaired electron on the carbon, -CH -. The carbon radical 
tends to be stabilized by reacting with an oxygen molecule to give a peroxy radical, R- 
00*. Peroxy radicals can abstract a hydrogen atom from another lipid molecule, this is 
the propagation stage of lipid peroxidation and so, once the process is initiated, it tends to 
continue, as a chain reaction. The propagation cycle is broken by termination reactions, 
which result in the destruction of free radicals. The bimolecular interactions of free 
radicals usually give non-radical, stable products. Various free radical scavengers also 
contribute to chain termination. Although enzymic oxidations of lipids are controlled 
processes, the free radical-mediated chain oxidation of lipids are random and have 
recently been considered to be involved in numerous pathological conditions, from 
cancer to atherosclerosis, Alzheimer’s disease, and even natural aging.
Injection of iron salts into animals greatly increases the rate of peroxidation observed 
in vivo, and tissues from iron-overloaded humans or animals showed rapid rates of 
peroxidation (Preece et a l  1988,1989,1990). A reduced iron compound can react with a 
lipid hydroperoxide in a similar way to its reaction with hydrogen peroxide, causing 
scission of an 0 - 0  bond to form an alkoxy radical:
H-O-O-H + Fe2+-com plex  ► Fe3+— complex + OH' + OH
(Fenton reaction)
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R-O-O-H + Fe2+-com plex  Fe3+—complex + OH" + R -0‘
lipid hydroperoxide alkoxy radical
With an Fe(III)-compound a peroxy radical, ROO*, will be formed:
R-O-O-H + Fe3+—complex R-OO' + H4" + Fe2+-com plex
Ethane (CH3-CH3) and ethene (H2C=CH2) gases are produced in similar reactions ■ 
from linolenic acid. Malondialdehyde is also formed in small amounts, and has the 
following structure
0= c c = o
I I
H H
M easurem ent of lipid peroxidation
Direct detection of free radicals is hampered by their high reactivity and consequent 
short lives. Reactive oxygen species (ROS) rarely accumulate within tissues at 
concentrations high enough to allow their measurement by conventional 
spectrophotometric techniques. A successful alternative strategy has been employed that 
involves adding an indicator reagent directly to the biological system, allowing it to react 
with ROS as they are formed. A similar approach uses electron spin resonance 
spectroscopy (ESR), which is based on the absorption of microwaves by the unpaired 
electrons of free radicals in a magnetic field. Nuclear magnetic resonance (NMR) 
spectroscopy may also enable the detection of free radicals in vivo*, spin traps, that couple 
with the free radicals, will probably be required here as well (Redhardt & Daseler 1987, 
Bray & Petterson 1961). The detection of chemiluminescence has been used for years for 
the detection of free radical generation in vitro, for example, to measure the respiratory 
burst of neutrophils (Andersen & Amirault 1979). Recently, this has also been applied to 
whole organs in vitro. Because the intensity of this photomission is so low, it is 
necessary to exclude external light sources and to amplify the signal with indicator 
reagents such as luminol or lucigenin (Table 1-6). Each technique measures something 
different, however, and no one method by itself can be said to be an accurate measure of 
"lipid peroxidation”.
1-6 Ischaemia-Reperfusion Tissue Injury
In 1954 Gerschman and Gilbert proposed that most of the damaging effects of high 
oxygen concentrations in living organisms could be attributed to the formation of free 
radicals (Gerschman 1981). However, this idea did not capture the interests of many 
biologists and clinicians until the discovery in 1969 of an enzyme specific for the catalytic
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removal of reactive oxygen species. This enzyme, superoxide dismutase (SOD), is
important in antioxidant defence and in protecting against the propagation of free radical
chain reactions. The pioneering work of McCord and Fridovich (McCord and Fridovich
1969) has led to many fundamental scientific discoveries, and from adaptation, mutation,
genetic engineering and comparative biochemistry studies, superoxide dismutase is now.
acknowledged to be a major cellular antioxidant
After the discovery of superoxide dismutase, much research concentrated on the
pathways for the generation of 0 2  ' within cells, on the nature of the damage that can be
done by ROS (Fridovich 1988, Fisher 1988) and on the mechanism ofROS production
by phagocytes (Babior et a l  1988). Superoxide is known to accelerate the metal ion-
dependent formation of highly reactive OH* from H202 according to the metal-catalyzed
Haber-Weiss reaction (Preece et al. 1988,1989,1990).
Ischaemia itself injures cells and, if continued for a sufficiently long period, will kill
them. However, reperfusion after a brief period of ischaemia, although beneficial in the
long term, results in an initial insult to the tissue upon re-oxygenation that involves the 
formation of 02% H202, and OH*. Experiments preventing tissues from injury by ROS, 
using antioxidants or free radical scavengers, have been carried out clinically and in the
laboratory (Halliwell et al. 1988).
In recent decades there has been an increasing body of expertise which believes that
ROS play a major role in producing the microvascular and parenchymal damage
associated with reperfusion of ischaemic tissue. The pathological changes appear to be
due not to the ischaemia, but to the reperfusion, or more specifically, to re-oxygenation.
When reperfusion is experimentally separated from re-oxygenation, in isolated organ
models, the major proportion of injury is associated with the admission of oxygen to the
tissue, not with the re-establishment of blood flow. The sources and actions of oxygen
radicals produced during ischaemia-reperfusion appear to be quite different from
neutrophil-mediated inflammation.
The potential sources of ROS during ischaemia-reperfusion injury include 
mitochondrial electron transport systems, purine catabolism by xanthine oxidase, 
prostaglandin biosynthesis, and infiltration phagocytes (neutrophils and monocytes) 
(Dowling et al. 1986). Xanthine dehydrogenase localized within the vascular 
endothelium has been reported to undergo conversion from its dehydrogenase to its 
oxidase form upon activation of a calcium-dependent protease. During reperfusion, 
xanthine oxidase utilizes hypoxanthine as a substrate and molecular oxygen as electron 
acceptor, resulting in the production of 0 2 " and H2O2. Evidence for this concept derives 
from the observation that allopurinol, a powerful inhibitor structurally related to xanthine 
oxidase, has been reported to diminish tissue injury associated with reperfusion of the
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myocardium and other organs. The role of xanthine oxidase during ischaemia- 
reperfusion is shown in Figure 1-8. «-•
Two decades of ROS research have led to following conclusions:
1. Superoxide (Oa'O is produced in vivo by enzymic and photochemical oxidation 
reactions.
2 . 0 2 "- is an active participant in a number of physiological and pathological 
processes and exogenous SOD is sometimes protective.
3. The free radical chain reaction proceeds by three different steps, namely, the 
initiation, propagation,‘and termination.
4. 0 2 "*, produced from different sources within cells, can induce the chain reaction in 
which free radicals are produced, especially OH*, the most reactive participant in a 
number of physiological and pathological processes.
Much research has focused on the sources of production of ROS which have been 
shown to be formed in tissues by numerous different processes (Table 1-7) (Cross et al. 
1987). The formation of free radicals by the microsomal electron transport chain is now 
realized to be an important one.
1-7 Cytochromes P450
Structure and function of cytochrome P450
Cytochrome P450 is the terminal oxidase component of an electron transfer system 
present in the endoplasmic reticulum (hydroxylation reaction), and also in the 
| mitochondriaj : the nuclear envelope with 45, 000—55, 000 of molecular
weight approximately. Cytochrome P450 derives its name from the fact that the reduced 
forms of the cytochrome complexes with carbon monoxide to produce species that 
absorb light strongly at 450 nm. Cytochrome P450 is involved in the oxidation of a wide 
range of substrates at the expense of molecular oxygen. One atom of the oxygen enters 
the substrate and the other forms water, such a reaction being known as a mono­
oxygenase or mixed-function oxidase reaction. The functioning of cytochrome P450 
requires a reducing agent (RH2), and the overall reaction catalysed can be represented by 
the following equation, in which AH is the substrate:
AH + 0 2 + RH2  * -A O H  + R + H20
Since the first report on the cytochrome P450 system as an oxidase activity in liver 
microsomes (Gillette et al. 1957), numerous isozymes have been identified, so that these 
enzymes are now considered to comprise a superfamily of cytochromes P450. The 
cytochrome P4501 family (Al, A2) is probably the most important in the activation of 
environmental chemicals, e.g. benzo(a)pyrene and other chemical carcinogens, as well as 
a few drugs. The cytochrome P4502A subfamily is similar to P4501 in the metabolism of 
planar xenobiotics. The cytochrome P4502B subfamily comprises two proteins, B1 and
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B2, which appear to catalyse the detoxication of many drugs, carcinogens and are 
induced by phénobarbital (PB). Cytochrome P4502E is unique in that it normally exists 
in the high-spin state, and has a high redox potential; it is induced by small molecular 
substrates, such as acetone, alcohol, aniline. The cytochrome P4503 subfamily 
metabolises substrates of high molecular weight, such as the immunosuppressant 
cyclosporine. The cytochrome P4504 is associated with chemicals that are peroxisomal 
proliferators and is induced by clofibrate and its analogues. In mammals, the P450 
superfamily comprises at least nine families of enzymes with 19 subfamilies, and a 
probable total of several hundred distinctive proteins.
In 1965 cytochrome P450 was shown to have catalyse the hydroxylation reaction in 
liver microsomal drug oxidations. Following the successful solubilization and 
purification of the mixed-function oxidase system, it became clear that different 
xenobiotics could selectively induce specific P450 isoenzymes. Cytochrome P450 
proteins differ from each other in their substrate specificities, so that a chemical may be 
metabolized by only one single protein, or may be an overlapping substrate for several 
P450s (Tan et al. 1987). Factors modulating cytochrome P450 activities include species 
differences, strain differences, gender, the type of tissue, nutrition and prior exposure to 
chemicals (loannides and Parke 1990). The induction of microsomal cytochrome P450 
depends on the the nature of the chemical and on the manner of exposure to the chemical 
(see below "Regulation of cytochrome P450"). Induction of cytochrome P450 isozymes 
may also be involved in the biosynthesis of endogenous compounds such as steroids, 
and may be dependent on the animals condition e.g., starvation (Hong et a l  1987) or
GSH depletion (Ketterer 1982).
The function of cytochrome P450 as an oxidant and reductant is related to the status of
the haem iron atom in this structure (Figure 1-9) (Gibson and Skett 1989). This can be
shown in a very simplistic manner by identifying the 26 electrons of the haem iron atom
in their principal energy levels as ls%, 2s%, 2p*; 3s%, 3p*, 3d*, 4s%. Here the superscript
identifies the number of electrons, the letters designate the energy subshells and the
integral coefficients indicate the principal quantum numbers. The ferric form of the iron
atom present in the protoporphyrin contains five electrons in the 3d subshell (3d5). This
subshell consists of five electronic orbitals or energy levels designated dxy, dx2, dy2,
dx2-y2, dz2. Consistent with the Pauli exclusion principle, e.g., no more than two
electrons can occupy a single orbital and these electron must have opposite spins, this
results in a splitting of the energy levels of the ferric ion d-orbitals as shown in Fig 1-10
(Gibson and Skett 1989). The magnitude of the energy separation between the two 
higher-energy orbitals (eg) and the three lower-energy orbitals (t2g) is called the
stabilization energy (AE). Hence, three situations of electron configuration can arise
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corresponding to a total spin of S=l/2 (low spin), S=3/2 and S=5/2 (high spin) (Fig 1- 
10) (Gibson and Skett 1989).
In the early 1960s, Mason (1965) and Cammer (1966) employing electron 
. paramagnetic resonance (EPR) spectroscopy reported the presence in rabbit liver 
microsomes of a haemoprotein, whose microwave absorption signal resembled that o f . 
low spin ferrihaemoprotein with g values of 1.91, 2.25, and 2.45. Mitani and Horie 
(1969) suggested that cytochrome P450 exists as a mixture of high spin (Type I) and low 
spin (Type II) contents. Now it is clear that in the binding of many chemicals the low- 
spin resting engyme'is converted into the more easily reduced high-spin complex. 
Various agents can markedly change the spin equilibrium of cytochrome P450.
Temperature also effects the spin state equilibrium of cytochrome P450 (Cinti et al. 
1979). At liquid helium temperature, untreated rat liver microsomes contain about 5-6% 
of high spin enzyme, while at 37°C 25-40% of microsomal P450 is in the high-spin state 
in phenobarbital-treated rat liver.
Diehl et a l  (1970) suggested that liver microsomes contain endogenous substrates 
which are responsible for the high spin state of the cytochrome P450. It was reported that 
lipid removed from the microsomes was responsible for both elevating the spin 
equilibrium and for the thermal responsiveness of the soluble cytochrome P450 (Gibson 
et al. 1980). With a partially purified preparation of hepatic cytochrome P450 in the 
presence of fatty acids, the ratio of high spin to low spin cytochrome at 20°C was about 
0.8 and in the absence of lipid it was 0.2. The precise mode of action of lipids is still 
unknown but it has been suggested that lipid may be required for substrate binding, 
facilitation of electron transfer, or for providing the coupling of cytochrome P450 and 
NADPH-cytochrome P450 reductase molecules.
The central features of the cytochrome P450 catalytic cycle is the ability of the haem 
iron to undergo a cyclic oxidatioiVjeduction reaction in conjuction with substrate binding 
and oxygen activation. A linear relationship exists between the redox potential and the 
spin state of the cytochrome P450 (Sliga et al. 1979). As this redox transfer process is 
rate limiting for some substrates in hepatic microsomal metabolism, the haem iron spin 
equilibrium could be of prime importance in the regulation of monooxygenase activity. 
Inducible cytochrom e P4502E1
Efficient substrates for cytochrome P4502E1 such as ethanol; carbon tetrachloride, 
paracetamol and chloroform are all known to cause selective destruction of the 
centrilobular region of the liver. Epoxide hydrolase conjugating enzymes and various 
forms of P450 all have different relative concentrations in the periportal, midzonal and 
centrilobular regions. Examination of rat livers by immunohistochemistry, immuno- 
analysis, as well as Western blot analysis, from the two different lobular regions, 
demonstrate that ethanol treatment causes a selective centrilobular induction of P4502E1;
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a 30-fold higher concentration of cytochrome P4502E1 in the centrilobular than in the 
periportal regions occurred in alcoholics (Ingelman-Sundberg et al. 1988), and the 
hepatic microsomal P4502E1 content in recently-drinking alcoholics was 4-fold higher 
than that found in nondrinkers (Tsutsum et al. 1989). The specific region expression and 
induction of P4502E1 may explain why several hepatotoxins, known to be metabolized 
by this isozyme primarily damage the centrilobular region in the liver (Table 1-8, 
Ingelman-Sundberg et al. 1988).
The cytochrome P450 system also possesses oxidase activity, and liver microsomes 
produce H2O2 as observed by Gillette (1957). The ethanol-inducible form of cytochrome 
P4502E1 has an especially high oxidase activity and this isozyme could likely contribute 
to microsomal NADPH-dependent lipid peroxidation. It has been demonstrated that anti- 
P4502E1 IgG inhibits hydrogen peroxide production in liver microsomes from acetone- 
treated rats by about 65% and inhibits O2 - dependent lipid peroxidation extensively in the 
same type of liver microsomes, whereas non-specific IgG fractions are without effect 
(Table 1-9, Tindberg & Ingelman-Sundberg 1989, Ekstrom & Ingelman-Sundberg 1986, 
1989). These findings are in agreement with the assumption that the induction of 
cytochrome P450, especially P4502E1, is a critical event in the production of ROS and in 
oxygen toxicity.
Most of the capacity for hydrogen peroxide formation in vitro in subcellular lung 
fractions resides in the microsomal fraction and is 7-fold higher than in the mitochondrial 
fraction (Turrens et al. 1982a, 1982b). These data emphasize the importance of the 
microsomal electron transport chain and, in particular, the cytochrome P450 for the toxic 
effects of oxygen. The rate of generation of thiobarbituric acid reactive materials (TEAR) 
in reconstituted membrane vesicles was 10- to 2 0 -fold higher in systems containing 
cytochrome P450 than in membrane devoid of P450.
The rate of microsomal NADPH-consumption, C>2"* formation, H2O2 production, and 
generation of TEAR, correlated to the amount of P4502E1 from variously treated rats as 
shown in Table 1-10 (Ekstrom & Ingelman-Sundberg 1989). Furthermore, anti- 
P4502E1 IgG inhibited these changes. It has been reported that the oxidase activity of 
P4502E1 contributes to microsomal NADPH-dependent lipid peroxidation (Esktrom & 
Ingelman-Sundberg 1984 &1989, Terelius & Ingelman-Sundberg 1988, Ingelman- 
Sundberg & Johansson 1984).
Excessive and chronic use of alcohol by humans results in liver damage characterized 
by fatty infiltration, which subsequently can lead to fibrotic degeneration and necrosis 
(Lieber 1984). The ethanol-dependent hepatotoxic effects are predominantly seen in the 
centrilobular region of the liver, in which the cytochrome P4502E1 is almost exclusively 
localized, and evidence exists to indicate that the ethanol-dependent liver damage is 
associated with an enhanced amount of lipid peroxides (Dianzani 1985).
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Starvation, and probably a low carbohydrate diet, is known to have a pronounced = 
synergistic effect on the extent of induction of P4502E1 in rat liver and is also known to 
synergistically potentiate ethanol-induced liver damage (Hong et al. 1987).
Taking together, the cytochrome P450 family is very important for the metabolism of 
xenobiotics, including environmental chemicals (carcinogens) and some drugs, it may 
also be an important source of free radicals and lipid peroxidation in the pathogenesis of 
malignancy and other disease states, especially following induction of the cytochromes 
P450, in particular thç cytochrome P4502E1 subfamily (di Luzio et al. 1967, Ekstrom & 
Ingelman-Sundbérg 1984,1986, Ekstrom et al. 1986, Eliasson et al. 1988).
Regulation of cytochrome P450
Recent data show that besides the well-known long term regulation of cytochrome 
P450-dependent monooxygenase activity by induction, there also exists a fast regulation 
by phosphorylation which has recently received much attention. This process is donor- 
and acceptor-selective leading to phosphorylation of defined isoenzymes by defined 
protein kinases and leads to fast and marked changes in metabolism which are selective 
for given substrates. Very widely studied is the contribution of enzyme induction 
(Orrenius et al. 1965, Conney 1967, Remmer 1972, Hebert & Jones 1989, Pickett and 
Lu 1989), but at present the few studies on the phosphorylation of cytochromes P450 
have been conducted mostly in cell-free systems (Pyerin et al. 1983, 1984,1986, 1987a, 
1987b, Muller et al. 1985, Taniguchi et al. 1985, Jansson et al. 1987, Bartlomowicz et 
al. 1989a, 1989b, Epstein et al. 1989, Johansson et al. 1989, Koch and Waxman 1989, 
Pyerin & Taniguchi 1989).
The role of phosphorylation as a possible modulator of P450 levels is presently 
unclear. Phosphorylation enhances the destruction of P450, e.g. loss of the 
haemoprotein nature, and Taniguchi and co-workers (1985) have noted a considerable 
lability of P4502B1 upon phosphorylation, and suggested that phosphorylation causes 
P420 formation. However, results reported by Jansson et al. (1987) did not support that 
conclusion; the phosphorylation-dependent conversion of P450 to P420 could only 
account for about a third of the phosphorylated enzyme. Although the extent of 
phosphorylation of the P450 was not determined, these results were taken to suggest that 
phosphorylation of P450 may exert some form of control on levels of P450 in intact 
cells.
It becomes clear that besides the well known and extensively-studied long-term 
regulation of xenobiotic-metabolizing enzymes by induction (proliferation), there exists a 
short-term regulation by post-translational modification of the protein molecule by 
phosphorylation. This process operates not only by bringing together protein kinases 
with cytochrome P450 in cell free systems, but occurs also in intact cells. The data show 
that phosphorylation is highly donor- and acceptor-selective in that only defined
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individual isoenzymes are phosphorylated by certain protein kinases whilst the 
phosphorylation of other isoenzymes is under the control of other protein kinases. This 
selectivity is important because different protein kinases themselves are differentially 
controlled and because the isoenzymes which are selectively phosphorylated have their 
selective substrate specificities.
1-8 Oxidative Stress and Intensive Care Patients
A chain is only as strong as its weakest link. When links 
are strengthened where the chain has broken previously, 
new weak spots appear simply because the chain holds to 
test them. The obvious weak link in the severely wounded 
in this war (W.W.II) was the kidney.
Edward D. Churchill (1972)
Adult respiratory distress syndrome (ARDS), and the subsequent failure of multiple 
organ systems (MOF), are currently the major causes of death in surgical and intensive 
care patients. These are not specific disease entities, but a complex of diseases and 
clinical conditions involving severe infection, inflammation, and hypoxia (shock). If the 
patients with ARDS survive one week, they develop signs of generalized inflammation 
with fever, generalized permeability oedema, a high cardiac output and progressive 
deterioration of all organ functions, together with tissue hypoxia and signs of anaerobic 
metabolism (MOF).
As the care of injured patients has evolved and improved, various organ systems have 
been the limiting factor affecting recovery after a severe injury or major operation. 
Although after operation or injury, patients may die from a number of specific or general 
injuries and complications, there has usually been a particular organ system that has been 
the most common and difficult problem. The major wars have provided larger experience 
and more concentrated documentation of what was happening simultaneously in civillian 
hospitals to patients traumatized by injury or operation.
In the 1930s and during the early part of World War II, the major organ system that 
limited survival after injury was the cardiovascular apparatus (shock), even when that 
system was previously normal. An understanding of blood loss, the requirements of 
whole blood replacement for hypovolemia, and the nature of traumatic or wound shock 
provided successful resuscitation and management of the circulation in most injured
patients (Sigerist and Litt 1951).
By the end of World War II, the kidney emerged as the most prevalent limiting organ
system, and during the Korean War, acute renal failure after injury or after operation was 
still a major roadblock to recovery for many. Through development of knowledge about 
the need for circulatory support, in maintenance of renal blood flow, and urine 
formation, renal failure has since been prevented more frequently, or treated satisfactorily
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by dialysis. Then in the 1960s the lung became the limiting organ, lung problems were 
described as shock lung, pump lung, and finally by the more general term, post-traumatic 
pulmonary insufficiency, just as renal problems were called post-traumatic renal 
insufficiency during the Korean conflict. The reports of the Surgical Research Team in 
Korea do not mention the lung as a problem, whereas during the Vietnam War, the 
incidence of renal failure had become low but, pulmonary difficulties were common. 
There was speculation that this might be because resuscitation by support of the 
cardiovascular system and the kidneys was so effective that the lung was consequently 
threatened (Churchill 1972). Now the development of knowledge about lung problems is 
preventing ventilatory failure in many patients, and treatment is successful in others.
What, then, is the next limiting organ system after severe trauma either in the field or 
in the operating room? It seems that the major limiting factor after injury in patients is 
multiple progressive systems failure, or sequential systems failure, e.g. MOF. Although 
not a well-defined syndrome, it involves progressive failure of many or all systems after
injury or operation (Tilney el al. 1973).
The sequence of events often begins with a period of shock or circulatory failure at 
some point during the initial injury, accompanied sooner or later by failure of ventilation 
and need for ventilatory support. This may be followed by renal failure, hepatic failure 
(jaundice and decreasing albumin levels), gastrointestinal failure (stress ulcers and 
gastrointestinal bleeding), and metabolic failure (decrease in lean body mass and
weakness due to progressive catabolism).
If the results of patients dying after a prolonged period of resuscitation and support in 
intensive care units are reviewed, the same combination of problems is seen in many 
patients with very different primary diagnosis. If the primary diagnosis or problem is 
eliminated, these autopsy reports are much the same. The difficulty with prevention and 
treatment of the problem at the present time is that either the sequence of events or 
causative factors, or both, are not understood. In the animal experiment model the 
involvement of toxic oxygen radicals has been clearly demonstrated (Goris et al. 1985). 
Second am plification of oxidative stress by phagocytic cells
Reactive oxygen species also are produced by the cell membrane of active phagocytic 
cells as part of their mechanisms for killing bacteria. This is achieved by membrane- 
bound enzymes (NADPH oxidase) which are able to shuttle electrons from an 
appropriate donor (possibly a quinone) to molecular oxygen at the cell surface (Bass el 
a l  1986, Johnston et al. 1975, Janco and English 1983).
The superoxide produced is then passed into the phagosome produced by invagination 
of the phagocyte cell membrane to attack the foreign particle, usually a bacteria (Weiss el 
al. 1978, Tauber & Babior 1977). This process of activation is termed the respiratory 
burst (Gabig et al. 1978). Absence of this NADPH oxidase complex is seen in patients
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with ch-tonic granulomatous disease. The circulating neutrophils in these patients 
recognize and phagocytose foreign particles such as bacteria but cannot destroy them. 
Patients with this abnormality suffer from recurrent infections.
' A variety of stimuli can initiate the respiratory burst, including bacteria and viruses, 
immunoglobulins and immune complexes, and chemotactic peptides. Although th is. 
oxidase system is not solely responsible for the cytotoxic effects of phagocytes, its 
importance in human host defence is exemplified by the genetic disorder chronic
granulomatous disease.
In the isolated perfused lung, ARDS cannot be induced by endotoxin in the absence of 
complement and neutrophils. This indicates that not endotoxin but the reaction to 
endotoxin with the formation of toxic oxygen radicals is important for ARDS generation 
(Kazmierowski et a l  1977). Human PMNs have been shown to produce much higher 
concentrations of ROS in response to inflammatory stimuli than bovine, ovine, or 
porcine PMNs, possibly explaining why the human race is so sensitive to inflammatory 
stimuli. The roles of neutrophil elastase and activated complement in the genesis of 
ARDS are well documented, and elevated plasma levels of neutrophil elastase have been 
shown to predict ARDS. Granulocyte elastase (GE), a key participant in the 
inflammatory response, functions in the mediation of host responses to inflammation 
(Tanaka et a l  1991). When neutrophils are stimulated by one of any number of factors, 
GE is released. Therefore, it plays a significant role in the degradation of foreign matter. 
Granulocyte elastase is a potent proteolytic agent and is capable of lysing a wide variety 
of normal tissue substrates, including clotting and fibrinolytic factors, fibronectin, and 
tissue components.
Adult respiratory distress syndrome (ARDS)
ARDS with subsequent sequential MOF and the clinical syndrome of sepsis, still 
carries a mortality of 60%. The lung and pulmonary vasculature are potentially at higher 
risk of injury from ROS for a number of reasons. Firstly, the lung is exposed to higher 
concentrations of oxygen than any other organ in the body. Secondly, the administration 
of an increased inspired oxygen concentration during anaesthesia, and on the intensive 
care unit, to maintain adequate arterial oxygen tensions may increase the risk. Humans 
can tolerate breathing 100% oxygen at one atmosphere for perhaps 24 to 48 hours 
without sustaining lung injury, but extended periods of such exposure have long been 
known to damage the lungs, and to be lethal if sustained (Deneke and Fanburg 1980,
Jackson 1985, Klein et a l  1978).
ARDS is characterized, in part, by pulmonary oedema that results from increased 
vascular permeability. It is often associated with widespread systemic disease, and 
although patients with ARDS have a high mortality, most of these deaths occur not solely 
from respiratory failure but rather from the combined effects of dysfunction of multiple
2 0
organ systems (Editorial 1986). The clinical settings associated with ARDS are diverse 
and include, for example, aspiration, sepsis, bums, microembolism, and hyperoxia.
On the basis of experimental studies, an attractive hypothesis has emerged to explain 
the mechanism by which these seemingly unrelated conditions cause ARDS. This 
hypothesis suggests that ARDS results when neutrophils are recruited to the lungs and 
subsequently release toxic neutrophil products, including reactive oxygen species (Tate et 
a l  1983). Neutrophils are known to accumulate in the lung after altemative-pathway 
complement activation (Hammerschmidt et a l  1980). Injured alveolar macrophages 
release chemot^insV(Kazmierowski et a l  1977, Harada et a l  1984) that attract 
neutrophils to the lungs, and leukotrienes produced by neutrophils and platelets 
sequestered in the lungs have a similar effect. Both neutrophils and their products, such 
as neutrophil elastase, can be recovered by performing bronchoalveolar lavage in patients 
with ARDS (McGuire et a l  1982, Lee et a l  1981). Lung endothelial cell cultures are 
injured by activated neutrophils and this injurious effect is inhibited by the enzyme
catalase (Martin 1984).
Despite the presence of neutrophils in the lungs of many patients with ARDS and the 
evidence that ROS and other toxic products from neutrophils can cause lung injury 
similar to that which occurs in clinical ARDS, a conclusive association between 
neutrophils and ARDS in patients has not been established. Indeed, ARDS may occur in 
patients with sepsis and severe neutropenia. Perhaps other mechanisms, including the 
directly injurious effects of bacterial endotoxin, initiate pulmonary endothelial damage, 
and activated neutrophils compound this injury (Brigham 1986, Tate and Repine 1984, 
Ognibene et a l  1986, Meyrick et a l  1986).
M ultiple organ system failure (MOF) - A syndrome of the 1970s
Since the first authors to describe MOF noticed that these patients subsequently die of 
sepsis, there is a consensus that bacterial overgrowth is the cause of this highly lethal 
syndrome. However, the evidence for such a causal relationship is poor: (1) MOF also 
develops in patients with primarily non-bacterial problems, such as severe pancreatitis or 
severe trauma before bacterial invasion, is obvious. (2) No single study could 
demonstrate positive blood cultures or elevated levels of circulating endotoxin preceding 
MOF. (3) No clinical, biochemical or morphological differences could be found between 
patients with the 'clinical' sepsis syndrome (no bacteraemia, no foci) and patients with 
the 'clinical' sepsis syndrome (bacteraemia, septic focus). (4) The drainage of pus, 
administration of antibiotics or decontamination of the gastro-intestinal tract, do not 
necessarily prevent or suppress MOF. (5) A MOF like syndrome may be induced 
aseptically in germ-free rats by intraperitoneal inoculation of zymosan.
From the available data on the different cascade systems in MOF, only the 
complement system has been well-studied (Till and Ward 1986, Heflin and Brigham
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1981). The complement system is activated by antigen-antibody complexes, endotoxin, * 
enzymes released from PMNs and macrophages, plasmin, platelet products, products of 
virus-infected cells and by exposed collagen. The biologically active substances are Csa 
and Csa and the cytolytic terminal complement complex C5-C9. Cga and Csa have strong 
chemotactic properties, activate PMNs, release enzymes from PMNs, and release 
histamine from mass cells. In this respect is 100 times more potent than histamine 
and 1 ,0 0 0  times more than C3a. C$a also increases capillary permeability in collaboration 
with prostaglandin E2 (PGE2) and induces interleukin 1 (ILj) and tumour necrosis factor 
(TNF) production.
Elastase is a seiine-protease and essential for PMN-mediated endothelial injury. All 
studies available have shown a positive relation between elastase and severity of ARDS, 
sepsis and MOF in several conditions such as major trauma, bums and peritonitis. A few 
studies have found that elastase predicts MOF.
The major inflammatory cells — PMNs, macrophages and mast cells — each type 
seems able to induce a lethal whole-body reaction. MOF may not necessarily be caused 
by bacteria or their endotoxins, but by an untoward auto-destructive and self-sustaining 
activation of our own inflammatory cells, eventually by autoxidative tissue injury induced 
by reactive oxygen species.
As it has only recently been shown that PMNs are actively involved in the 
pathogenesis of ischaemia-reperfusion injury (Jaeschke et al. 1990), studies designed to 
investigate the role of various inflammatory mediators are still in their infancy. One of the 
potential compounds involved is the cytokine, tumour necrosis factor (cachectin, TNF). 
Plasma levels of tumour necrosis factor were increased during the entire reperfusion 
period of 24 hours, and pretreatment with an anti-TNF antibody significantly protected 
the liver from post-ischaemic injury (Colletti et al. 1990). These data suggest that TNF 
might be a crucial mediator in the pathogenesis. TNF can induce a long-term respiratory 
burst in neutrophils (Nathan 1987, Nathan et al. 1989). Some of the characteristics of the 
TNF-induced respiratory burst as investigated in vitro are as follows: 1. It can be 
induced only in cells adhering to a biological surface or protein-coated surfaces; 2 . it 
starts only after a certain lag-phase; and 3. it is not a brief burst but a long lasting 
formation of reactive oxygen (Nathan et al. 1989) (Figure 1-11).
Our ability to support a single organ system that has failed, transiently at least, is 
reasonably good. The support of two or more failed units, however, stresses our 
knowledge and capabilities, and survivors of multiple systems failure are rare. 
Improvement in results in such patients awaits better definition of the problems and 
support mechanisms. What is needed now is to: (1) recognize multiple or sequential 
systems failure as a current problem and (2) study it and define how these sequences or 
simultaneous events occur and how they might be prevented.
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1-9 Review of Surgical Traum a
There are numerous obstacles blocking the advance of surgery. Pain, infection, 
haemorrhage and shock are four of the most difficult to overcome. Prior to 1950/60, 
surgical trauma imposed great restrictions on operative surgery; vascular and open heart 
surgery were not possible, common procedures such as cholecystectomy and 
gastrointestinal resections had high rates of mortality, and organ transplants were not 
even considered. In the 1950-60s surgical trauma caused more deaths than all the 
infectious diseases ^ or any other medical condition. The causes of surgical trauma were 
considered to be possibly, anaesthetic toxicity, blood loss, electrolyte imbalance and 
psychogenic effects on blood pressure leading to cardiac arrest. Although it was widely 
believed that fatalities from surgical trauma were associated with hypokalemia and cardiac 
arrest, pathological findings almost always indicated damage to liver and kidneys. The 
level of fatalities, which usually occurred 1-2 days after surgery, was found to be highly 
dependent on the duration of surgery, which was therefore generally limited to <30 
minutes to minimize the anaesthetic toxicity.
Hepatotoxicity: The first detailed investigations were made by a team of surgeons 
from Philadelphia at Gallipoli in 1916. Battle casualties operated on immediately incurred 
up to 85% fatalities; this was decreased to 45% by putting patients on a glucose-saline 
drip for 24 hours, and to 20% after 48 hours on a drip. American surgeons in the First 
World War considered that anaesthetic toxicity and liver damage was the primary cause 
of fatalities, and from this work came the eventual discovery of glutathione and an early 
understanding of the mechanisms of chemical hepatotoxicity. Further investigations 
indicated that death was due to hepatic damage, probably the result of the ether 
anaesthesia, but fluid, electrolyte (sodium) and glucose greatly decreased the 
hepatotoxicity, and the fatalities. Just as the heart is the focal organ in the circulatory 
system, so the liver is the centre of metabolism in the body. The synthesis, modification, 
storage, breakdown, and excretion of many substances, upon which life depends, occur 
in the liver. The functions of the liver exceed those of all other organs in number and 
complexity.
Diethyl ether was the major anaesthetic used before 1960, and this was known to 
cause damage to the liver and kidney, especially after a period of fasting. Ether depresses 
insulin secretion resulting in acidosis and ketosis (Phatak 1940), causes pathological 
changes in liver and kidney especially after fasting (Bourne 1936). Ether anaesthesia 
inhibits drug metabolism and increases drug toxicity (To and Wells 1986).
Another benefit for surgery patients has been the advances in nutritional support, the 
development of specific formula diets for enteral and parenteral administration. Such 
patients are now given nutritional support routinely and survive major surgical
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procedures, multiple trauma and associated complications. Restoration of circulatory 
volume and electrolyte balance has also been shown to be important in avoiding surgical 
trauma.
Cytochrome P450: After recent research on the cytochrome P450 super-family, it 
is clear that the microsomal electron transport chain is one of the important endogenous 
sources of free radicals within the cell (Ekstron & Ingelman-Sundberg 1986). Most of 
the oxygen uptaken by tissue consumed in a biological system is reduced by the four 
electron process to water, by cytochrome oxidase. Oxygen is also consumed by the 
cytochrome P450 enzymic family present in the endoplasmic reticulum, whose principal 
role is to facilitate the elimination of lipophilic xenobiotics (Parke et al. 1991, loannides 
and Parke 1990). Of these many different cytochrome P450 enzymes, one known as 
P4502E1, is normally presents in liver in the activated, high-spin state and has a high rate 
of turnover and oxygen consumption, so consequently may play an important role in the 
generation of reactive oxygen species. Cytochrome P4502E1 is induced by low 
molecular weight chemicals, e.g. ethanol, acetone, diethyl ether, benzene (Tindberg and 
Ingelman-Sundberg 1989) and also by fasting (Hong et al. 1987).
Oxidative stress in ischaem ia-reperfusion: More recently, ischaemia-
reperfusion injury, and the associated production of ROS has been considered the most 
likely cause of post-surgical trauma (McCord 1985). After several decades of research on 
the mechanism of surgical trauma and ischaemia-reperfusion tissue injury, involving 
hepatic and renal dysfunction and multiple organ failure, it is clear that mediators 
involved in the pathophysiological processes include the insulin/glucagon ratio, 
catecholamines, growth hormone, aldosterone, corticosteroids, prostaglandins, 
interleukins and, particularly, reactive oxygen species. Although ischaemia-reperfusion 
tissue injury is a major factor in the pathogenesis of many life-threatening diseases, for 
example, traumatic shock and ischaemic heart disease (Dormandy 1989), the molecular 
mechanism is not completely understood, but there is increasing evidence which indicates 
that reactive oxygen species play a major role in producing the tissue damage associated 
with the reperfusion of ischaemic tissue (Gutteridge 1982, Weiss 1986). The pioneering 
work of McCord and Fridovich (1969) demonstrated the role of xanthine oxidase in the 
production of superoxide anion and peroxide hydrogen after ischaemia-reperfusion. ROS 
have been invoked to explain ischaemia-reperfusion injury in the small intestine (Parks et 
al. 1982), stomach (Itoh and Guth 1984), kidney (Palier et al. 1984), heart (Hearse 
1977) and brain (Hamm et al. 1978).
1-10 Research Plan
Successful surgery depends not only upon surgical and nursing skill, but very largely 
on satisfactory anaesthesia. The science of anaesthesia has developed through two main
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channels, namely, advances in our understanding of the physiology of respiration and 
circulation, and the development of many new drugs. Modem surgery has been made 
possible largely by these major developments in new safe anaesthetics. It is clear that 
; components of surgical trauma are the ether anaesthesia and fasting, which involved loss 
of GSH, enhancement of lipid peroxidation, hepatic and renal dysfunction, and 
ischaemia-reperfusion tissue injury. The central question is how do the ether anaesthesia 
and ischaemia-reperfusion result in the pathological effects? The biological mechanism 
has become a research focus for designing protection from those effects. A logical 
hypothesis is thatf tisSue damage may occur when host defence mechanisms are 
abnormally deficient or when production of ROS is excessive by induction of P450 futile 
cycling or from the xanthine-oxidase-system. Is it possible that P450 enzymes are 
involved in producing ROS, exacerbated by the effect of fasting on the activity of P450 
and lipid peroxidation? Is there any other ROS source, except the xanthine-oxidase- 
system after ischaemia-reperfusion? To increase the knowledge about the mechanism of
surgical trauma, the following topics were chosen to be investigated:
1. Traumatic patients with hypovolemic shock have a high mortality, probably from 
reperfusion tissue injury. Also there is a high rate of morbidity resulting from hepatic and 
renal dysfunction and necrosis after ether anaesthesia, especially in malnourished or 
fasted patients. The constituent causes of this surgical trauma, namely, fasting, 
anaesthesia, ischaemia, and reperfusion, should be separately and additively evaluated.
2. The cytochrome P450 loss, and lipid peroxidation, found in the preliminary rat studies 
were to be investigated in greater detail, to examine the time sequence and to separate the 
effects of fasting and ether anaesthesia.
3. The mechanism of ROS production resulting from ether anaesthesia and fasting was to 
be investigated and, in particular, the nature of the regenerated cytochromes P450 were to 
be determined.
4. The extent of ROS production, and their sources of production, associated with the 
phases of ischaemia and reperfusion were subsequently to be investigated.
It should be possible to determine which procedures of surgical intervention and 
physical wounding are most responsible for the formation of ROS, autoxidative injury, 
and changes in the cytochromes P450, and also how these different pathological changes 
might be decreased or prevented, by intervention with nutritional supplements, including 
antioxidants and radical scavengers. The results of these studies should contribute to a 
better understanding of the effects of accidental or surgical trauma on lipid peroxidation 
and hepatic and renal dysfunction.
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Years Ago 
3.5 billion
2 .6  billion 
1.3 billion
500 million
65 million 
5 million
Basic chemicals of life formed by free radical reactions, largely 
initiated by ionizing radiation from the Sun 
Life begins
Excision repair 
Recombinational repair
Ferredoxin 
Blue-green algae
H 2 0 ------------ h v ---------------2H + 02
Atmospheric O2 reaches one percent of present value 
Anaerobic procaryotes disappear.
Eucaryotes become dominant cells P450s evolve
Eucaryotes + blue-green algae----------- the green leaf plants
Eucaryotes + a procaryote able to reduce
02 to H 2 0-------------animal kingdom
Emergence of multicellular organisms and plants 
Meiosis
Atmospheric O2 reaches 10 percent of present value 
Ozone screen allows emergence of life from sea 
Primates appear 
Man
Figure 1-1. Overview of the origin and evolution of life.
RH = bonded hydrogen; H2S=hydrogen sulphide; /zv=light energy; CH=carbon 
hydrogen; 2H=hydrogen atoms. (Modified Watson 1991.)
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Figure 1-2. Structure of ascorbic acid and its oxidized forms.
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Figure 1-3. Structure of a-tocopherol and its reaction with vitamin C.
The long, hydrophobic side-chain makes the molecule lipid-soluble ! whereas 
the ring structure allows reaction with radicals. During peroxidation of cell 
membranes in vitro some vitamin E becomes converted into the quinone form.
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Figure 1-4. Regeneration of vitamin E & C in the oxidation of liposomal membranes.
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Figure 1-5. Protection of erythrocytes against damage resulting from the 
oxidation of haemoglobin.
SOD, Cu-Zn superoxide dismutase; pentose phosphate pathway (first 
enzyme: glucose-6-phosphate dehydrogenase).
MYOCYTE ENDOTHELIUM VESSEL
Uric AcidAD P
AracMdonate
RBC
Catecholamines
Figure 1-6. Some sources of free radicals in the heart. MTTO: mitochondria; 
RBC: Red blood cell.
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Figure 1-7. General scheme for the oxidation of lipids by a free radical chain 
mechanism.
LH: lipids; L-: lipid radicals; L02-: lipid peroxyl radical; IH: antioxidant; 
X: ROS. (From Poli et a l  1989.)
30
XANTHINE
DEHYDROGENASE
ATP
ADP P N 
R H POR X
0 1
T D
EA
A T
AMP T B
A T
ADENOSINE
E R 
ALLOPURINOL
EO
OXYPURINOL
INOSBNE
XANTHINE
OXIDASEXANTHINE OXIDASE
HYPOXANTHINE
SOD CATALASE
chelatorsREPERFUSION
TISSUE
INJURY.MANNTTOL
DMSO
INACTIVATED
RADICALS
PROTEASES
Etc.
CHEMOATTRACTANT NEUTROPHILS
Figure 1-8. Role of xanthine oxidase in the production of 0 2  - and H2O2 after 
ischaemia-reperfusion. (Modified McCord 1985.)
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Figure 1-9. Haem iron co-ordination in cytochrome P450. (a) Hexa-co-ordinated, 
low-spin P450 with in-plane iron, (b) Penta-co-ordinated, high-spin P450 
with out-of-plane iron. (From Gibson and Skett 1989.)
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Figure 1-10. d-Orbital electron distribution in the low- and high-spin states of 
cytochrome P450. P450 needs to be in the high-spin state to activate 
the 02. (From Gibson and Skett 1989.)
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Figure 1-11. The endothelial cell trigger mechanism of free radical-mediated 
reperfusion injury.
The entire xanthine oxidase-based free radical-generating system 
is present in the endothelial cell itself. Through a free radical-mediated
mechanism, neutrophils accumulate, adhere, and are activated.
The result is a further amplification of the initial endothelial cell injury.
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Table 1-1. Typical effects on animal tissues of exposure to high oxygen concentration 
Species Nature of exposure Organ examined Results found
Adult, male rats 
Cats
Rats
Monkeys
Pure O2 at 5 atm 
for 75 min 
Pure O2 at 8 atm 
for 50 min 
Pure O2 at 0.33 atm 
for 3 days 
Pure O2 at 0.5 atm 
up to 22 days
Heart Mitochondrial swelling followed 
by damage to myofibrils 
Kidney Swelling of tubules, glomerular 
abnormalities 
Liver Mitochondrial damage
Liver Proliferation and abnormality of 
smooth endoplasmic reticulum, 
decrease in glycogen content
Male hamsters 70% 0 2 for 3-4 weeks Testes Degeneration of seminiferous
epithelium, cessation of sperm 
production
Hyperbaric oxygen Ear Haemorrhages of inner ear, 
therapy deafness
70% O2 at 1 atm for Bone-marrow Inhibition of erythrocyte
6-36 days development
Humans 
Guinea pigs
Table 1-2. Cellular components damaged by free radicals
Lipids Peroxidation of polyunsaturated fatty acids in
organelles, plasma membranes.
Proteins Oxidation of sulphydryl-containing enzymes -
inactivation of enzymes.
Carbohydrates Polysaccharide depolymerization.
Nucleic acids Base hydroxylation, "nicking , cross-linkage, 
scission of DNA strands (causing mutation and 
inhibition of protein, nucleotides, and fatty acid 
synthesis).
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Table 1-3. Deleterious effects of systems generating the superoxide radical
Source of 0%- System studied Damage Comments
Heart-muscle activity of NADH-CoQ activity lost damage prevented by SOD, 
submitochondria reductase
Hypoxanthine + rat brain membrane 
xanthine oxidase Na+, K+ ATPase
catalase not protective, 
inactivation SOD protects partially
Acetaldehyde + 
xanthine oxidase
Hypoxanthine + 
xanthine oxidase
Xanthine + 
xanthine oxidase
erythrocyte
membranes
DNA
rat lung in vivo
lysis SOD protects.
degradation, single SOD, OH- scavengers 
strand breaks and catalase protect.
acute lung injury SOD protects, but not 
oedema catalase
Xanthine + rat heart mitochondria lowered P /0  ratios, and SOD and catalase 
xanthine oxidase low respiratory control protect
Xanthine + rat heart or liver 
xanthine oxidase mitochondria
inhibition of net 
Ca2+ uptake
protected by SOD or 
mannitol.
Table 1-4. Potentially cytotoxic species of oxygen
02 - Superoxide anion radical 
H02* Hydroperoxyl radical 
OH* Hydroxyl radical 
ROO* Peroxide radical (R=lipid)
H2O2 Hydrogen peroxide 
l0 i  Singlet oxygen
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Table 1-5. Some of the acute-phase plasma proteins in humans
Protein
Typical increase 
in concentration 
in oxidative stress
Biological function
Ceruloplasmin
C3
Antiproteases 
Haptoglobin 
C-reactive protein 
Serum amyloid A 
protein
50%
50%
2- to 4-fold 
2- to 4-fold 
Several hundred-fold 
Several hundred-fold
See text
Third component of complement 
reaction with antigens 
Inhibit proteolytic enzymes 
Binds haemoglobin 
Function unknown
Table 1-6. Identification, characterization, and quantification 
of free radicals in vivo
Detection methods
Spectrophotometry 
ESR spin trapping 
NMR spin trapping
Chemiluminescence (with or without amplification) 
Measurement of reaction products 
Lipid peroxidation 
Malondialdehyde
Expired hydrocarbons (ethane, pentane) 
Conjugated dienes 
Nucleic acid degradation products 
Inhibitor experiments
Specific: SOD, catalase
Relatively specific: allopurinol, deferoxamine
Nonspecific: mannitol, DMSO
Total radical-trapping antioxidant parameter (TRAP)
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Table 1-7. Sources of free radicals within cell
Endogenous sources 
Mitochondrial electron transport chain
Microsomal electron transport chain (uncoupling;, futile cycling) 
Chloroplast electron transport chain 
Oxidant enzymes 
Xanthine oxidase 
Indoleamine dioxygenase 
Tryptophan dioxygenase 
Galactose oxidase 
Cyclooxygenase 
Lipoxygenase 
Monoamine oxidase 
Phagocytic cells 
Neutrophils
Monocytes and macrophages 
Eosinophils 
Endothelial cells 
Autoxidation reactions (e.g., Fe2+, epinephrine)
Exogenous sources .
Redox-cycling substances (paraquat, diquat, alloxan, doxorubicin) 
Drug oxidations (e.g., paracetamol, CCU)
Cigarette smoke 
Ionizing radiation 
Sunlight 
Heat shock
Substances that oxidize glutathione
(From Cross et al. 1987.)
Table 1-8. Levels of immunodetectable cytochromes P4502B1/2,2E1 in cell 
lysates from periportal (pp) and centrilobular (cl) regions of liver.
Control Ethanol
PP cl PP cl
n=7 n=7 n=7 n=7
P-4502B1/2* <30 100+84 <30 125±115
P-4502E1 3+4 100±22 5±8 310±65
(From Ingelman-Sundberg et al. 1988.)
: * The units of P4502B1/2, P4502E1 are pmol/mg and nmol/mg.
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Table 1-9. NADPH-dependent oxidase activities and cytochrome P450 content 
in liver microsomes from variously treated rats.
Type of treatment 
Control, n=5 0 2  exposed, n=4 acetone, n=4 thyroxine, n=7 
Cytochrome P450 0.48 d: 0.005 0.72 + 0.1 1.42 i  0.14 0.36 i  0.08
Cyto!p4502El 50 ± 2  227 ± 30  454 ± 7 2  64 ±33
NADPH oxidation 26 ±1  37 ± 5  42 ± 3  22 ± 4
m o T f o S ™ n) 1.3 ±0 .4  3.4 ±0.2  4.5 ± 0 .4  1.1 ±0.09
T B A r e t c t i S s t  0.44 ±0.07 1.4 ±0.3 1.2 ±0.15 0.44 ±0.07
(From Tindberg and Ingelman-Sundberg 1989.)
Table 1-10. Cytochrome P4502E1 content, NADPH oxidation and rate of NADPH- 
dependent lipid peroxidation in microsomes from variously treated rats.
Treatment
P4502E1
(nmol/mg)
NADPH-
oxidation
0 2 -. H2O2 
formation formation 
(nmol product/mg,min)
TEAR
substances
None
Acetone
2-Propanol
Imidazole
MezSO
Ethanol
Control
0.05 ±0.01 
0.45 ±0.03 
0.11 ±0.13 
0.12  ± 0.02 
0.21 ± 0.06 
0.15 ± 0.08 
0.045 ± 0.01
11.8 ± 2.8 
25.3 ±3.5
16.8 ±3.1 
18.1 ± 0.8
27.5 ±2.3
31.6 ±3.5
10.8 ± 1.9
2.2  ± 1.0
5.2 ±1.9 
2.5 ±0.2
2.8 ±0.7
2.9 ± 0.4
5.2 ±0.6 
2.0 ±0 .9
2.3 ±0.8
7.4 ±0 .6  
4.3 ± 0.4 
4.7 ± 0.7
4.6 ±0 .8
6.6  ±0.7
2.6  ± 0.6
0.51 ±0.15 
1.16 ±0.24 
0.42 ±0.03 
0.42 ±0.05 
0.46 ±0.04 
0.57 ± 0.10 
0.11 ± 0.01
(From Ekstrom and Ingelman-Sundberg 1989.)
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Autoxidative In jury  with Loss of Cytochrome 
P450 Following Acute 
Exposure of Rats to Fasting and E ther Anaesthesia
In troduction
Surgical trauma, a syndrome associated with surgery following battle casualties or 
severe accidents, and with operative surgery of long duration, has several components, 
including: psychogenic shock, dehydration, fasting, anaesthesia, haemorrhage, reperfusion 
injury, infection, etc. Post-surgical trauma resulting in hepatic dysfunction, hepatic and 
renal necrosis and high rates of mortality, which increased proportionately to the duration of 
the operative procedure, was a feature of surgery for many years (Babcock 1944). Reasons 
advanced to account for this have included electrolyte imbalance, impaired hepatic energy 
metabolism, and anaesthetics toxicity, and the problem seems to have disappeared with the 
advent of modem anaesthetics. More recently, ischaemia-induced reperfusion injury and the 
associated production of reactive oxygen species has been considered the most likely cause
of post-surgical trauma (McCord 1985).
Further investigations indicated that death was due to hepatic damage, probably the result 
of the ether anaesthesia, but fluid, electrolyte (sodium) and glucose greatly decreased the 
hepatotoxicity and the fatalities. Diethyl ether was the major anaesthetic used before 1960, 
and this was known to cause damage to the liver and kidney, especially when protein stores 
and glutathione were depleted by malnutrition or fasting (Babcock 1944, Bourne 1936).
Ether replaced the earlier use of chloroform, the toxicity (cardiac arrhythmias) of which 
was well-known, but ether was generally considered to be safe. As soon as the new 
anaesthetics (enflurane, halothane, etc.) made their appearance in the late 1960s, the 
problem of fatal surgical trauma largely disappeared.
It was known that large doses of ether caused pathological changes in liver and kidney 
(Babcock 1944, Bourne 1936), resulted in acidosis and ketosis, and depressed the secretion 
of insulin (Babcock 1944, Phatak 1940). Ether anaesthesia also has an inhibitory effect on 
the hepatic drug-metabolizing enzymes, and increases drug toxicity (To and Wells 1986). 
Hepatic UDP-glucuronic acid, the coenzyme for glucuronide conjugations, was decreased 
in rats to 30% of control values 5 minutes after induction of ether anaesthesia (Eriksson and
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Strath 1981). Similarly, ether anaesthesia in mice produced an immediate loss of hepatic 
cytochrome P450 followed by a decrease in GSH content and in the activities of the UDP- 
glucuronyl and GSH S-transferases, all of which resulted in the increased toxicity of
paracetamol (To and Wells 1986).
Cytochrome P450 was first shown to catalyse hydroxylation reactions in microsomes of 
the adrenal cortex (Estabrook et al. 1963), and was then shown to have a similar function in 
liver microsomal drug oxidations (Cooper et a l  1965). An unusual feature of the 
cytochromes P450 is that many of them can be induced by a wide variety of substances, in 
particular phénobarbital (P4502B), and 3-methylcholanthrene (P4501A1), etc. Since 
alteration of liver function is associated with changes (proliferation) in the smooth 
endoplasmic reticulum and its function, it may be that the lipophilic anaesthetics induce 
similar increased quantities and functions in this cellular organelle. Interest in the 
metabolism of anaesthetics relates to the possibility that such metabolism may be 
responsible for liver damage, which often follows anaesthesia in man. Halothane 
(CFgCHBrCl), a chemically inert anaesthetic introduced in the 1960s, and relatively free 
from toxicity, gave rise to severe hepatotoxicity in a few patients (1 in 10, 000), but had a 
high rate of fatalities (40% of those affected). The mechanism of toxicity was considered to 
be complex, involving reduction of the anaesthetic to a halothane radical, and also oxidative 
metabolism to CF3COOH, but both pathways appeared to involve production of ROS 
(Manno et al. 1992).
Many drugs and environmental chemicals (e.g. mitomycin C, paracetamol and carbon 
tetrachloride) are known to mediate their toxicity through the formation of reactive oxygen 
species, by the redox cycling of quinones and quinone-imines, and the futile cycling of 
various isozymes of cytochrome P450 (Ziegler 1988). The production of reactive oxygen 
species by toxic chemicals such as carbon disulphide (Obrebska et al. 1980) or iron 
nitrilotriacetate (Preece et al. 1989), has been shown to result in lipid peroxidation, 
exhalation of alkanes in the expired air, damage to biological membranes and destruction of 
cytochrome P450.
The major role of the liver is to maintain a fairly constant supply of circulating nutrients 
during variations of dietary intake. During short periods of fasting, liver glycogen is 
mobilized to release glucose, and the hepatic GSH content, which is the major tissue 
antioxidant, decreases. The high level of ketone bodies in the circulation during fasting 
leads to many of the problems, including induction of the activity of the cytochrome P450 
enzymes, which had been observed (Hong et al. 1987).
In a study of the molecular mechanism(s) of post-surgical trauma and hepatic injury 
following surgery, we planned to examine the effects of anaesthesia, ischaemia and 
reperfusion on reactive oxygen species production as monitored by chemiluminescence, 
lipid peroxidation, alkane exhalation, loss of cytochrome P450 and histopathology. A
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preliminary study in fasted rats of the effects of the anaesthetic, diethyl ether, gave 
unexpected results, and these are now presented.
M aterials and Methods 
Chemical m aterials
Diethyl ether (Pronalysis grade. May and Baker, Dagenham, Essex), thiobarbituric acid, 
luminol (5-amino-2,3-dihydrophthalazine-l,4-dione), potassium hydrogen phthalate and 
NADPH (Sigma Chemical Co., London); 1,1,3,3-tetraethoxypropane (TEP) (British Drug 
Houses, Poole, Dorset); 7-ethoxyresorufin and resorufin (Molecular Probes Inc., Junction 
City, Oregon, USA) were purchased. All other chemicals were of the highest purity 
obtainable.
M ethodology
M easurem ent of lipid peroxidation
Lipid peroxidation was measured by the TBA-reaction method, reactive oxygen species 
generation was quantified by determination of luminol stimulated chemiluminescence, and 
alkanes were quantified to measure the degradation products of lipid peroxidation.
Alkane quantification
The measurement of alkane production has been proposed as a non-invasive index of 
lipid peroxidation. Alkane exhalation in expired air, as a measurement of lipid peroxidation 
in vivo (Preece et al. 1988) was quantitatively determined using the animal chamber and 
g.l.c. method as described by Preece et al. (1988).
The animals anaesthetized with ether for a total of 6 minutes were immediately placed in 
a chamber, in which the oxygen concentration was maintained at 21%, and the expired air 
was collected for 30 minutes These air samples were then injected into the gas 
chromatograph. The results were obtained on a Vista 402 Chromatography Data System. 
The standard result was obtained using the standard gas mixture (Standard Calibration Gas 
Mixture, Phase Separations LTD., Queensferry, CLWYD, G T Britain).
TEA m ethod
Lipid peroxidation was estimated by the determination of malondialdehyde and other 
degradation products of peroxidized lipids (TBA-reactive material), which has been 
accepted as an index of lipid peroxidation both in vitro and in vivo, by the thiobarbituric 
acid (TBA) method of Gutteridge (1982) as modified by Preece et al. (1988).
Biological samples (1 ml of appropriately diluted tissue cytosol or blood plasma) were 
mixed with 1.0 ml of 0.1 M potassium hydrogen phthalate-HCl buffer, pH 3.5 and 1.0 ml 
of 1% thiobarbituric acid in 0.05 M-NaOH, and heated in test tubes in a boiling water-bath 
for 15 minutes. The tubes were cooled, centrifuged, and the absorbance of the pink- 
coloured supernatant measured at 532 nm. Standards for TBA-reactive material were
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prepared from 1 to 10 nmol of 1,1,3,3-tetraethoxypropane (TEP), and results were 
expressed as nmol TEP/per mg protein or ml of plasma. The calibration curve for the assay 
is complicated by the fact that malondialdehyde is unstable and must therefore be prepared 
immediately before use by hydrolysing its derivatives, and usually, 1,1,3,3- 
tetraethoxypropane is used as the standards for TBA-reactive materials. 
Chem ilum inescence
Reactive oxygen species (ROS) in tissue, e.g. superoxide anion (02"*), hydrogen 
peroxide (H2O2), hydroxyl radical (OH ), and singlet oxygen (^02), were determined by 
measuring the luminol-amplified chemiluminescence (LAC) as described by Trush et al.
(1978) and modified by Dowling et al. (1986).
Tissue slices from liver and kidney (1 cm2 x 1 mm) or plasma (1.0 ml) taken from rats at 
various time intervals after exposure to ether for 6 minutes, were put into 4 ml of a 0.2 
jig/ml solution of luminol in polypropylene vials (15 x 55 mm), the vials were capped, and 
the LAC measured in a LKB-Wallac 1216 scintillation counter in the out-of coincidence 
mode. Vials containing luminol solution only were used to measure background. Results 
were expressed as cpm/per mg protein.
Assay of total cytochrome P450
Total cytochrome P450 was determined spectrophotometrically as the carbon monoxide 
complex by the method of Omura and Sato (1964).
Microsomal suspension (25%) was diluted 10-fold with 0.1 M phosphate buffer pH 7.4 
and then added into two cuvettes. A few granules of sodium dithionite were added to both 
cuvettes and CO was bubbled through one of the cuvettes for approximately 30 seconds. A 
different spectrum is obtained between 390 and 500 nm and P450 was expressed as the 
difference in optical density between 450 and 490 nm.
The molar extinction coefficient for cytochrome P450 was taken as: 91 mM-1 cm-1.
D eterm ination of cytochrome P4501
Cytochrome P4501 (P448) was determined by the specific 7 -ethoxyresorufin O- 
deethylase method of Burke and Mayer (1974), using fluorescent standards of resorufin. 
The following reagents were mixed (maintained at 37°C) in a fluorimeter cuvette:
Tris HC1 buffer (o. 1 M, pH 7.8, at 37°C) 2.0 ml
microsomal suspension (25%) 50 |il
7 -ethoxyresorufin (0.1 mM) 10 |il
A baseline was recorded and the reaction initiated by addition of 10 |il of NADPH (50 
mM in 1% NaHCOg). The initial, linear rate of reaction was recorded, and the fluorimeter 
was calibrated by addition of 10 |il aliquots of resorufin (0.01 mM) to the incubation 
mixture, at the excitation wavelength of 510 nm, and the emission wavelength of 586 nm.
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M easurem ent of protein
Protein concentration was determined by the method of Lowry et al. (1951).
Anim als
Male Wistar-albino rats (250-300 gram body wt.) from the University of Surrey 
Experimental Biology Unit, were housed in polypropylene cages on wood-shaving 
bedding, at 22oC and 50% humidity, with lighting from 07.00 to 19.00, and were given 
Spratts Laboratory Animal Diet No.l, Betchworth, UK, and drinking water ad lib.
Procedure of anaesthesia
The rats in different experimental groups were fasted overnight (20 hours) and were then 
anaesthetized with diethyl ether in a closed chamber, using the minimum amount of ether, at 
a dose level of approx. 5 g/kg (Wollman and Smith 1975). The animals lost their righting 
reflexes after 2  minutes of exposed to ether, and they were kept in the anaesthetic chamber 
in narcosis for a further 4 minutes. The rats exposed to ether for total 6 minutes were then 
killed by cervical dislocation immediately and liver, kidney were removed for preparation of 
microsomes, and blood was collected immediately for preparation of plasma. Other rats 
were killed after 0.5,1.0, 2.0, and 3.0 hours of anaesthesia. Non-anaesthetized rats served
as controls.
P reparation  of microsomes
The liver and kidney obtained from different pretreated rats were washed in 0.9% saline 
at 4oC, then homogenized in 4 volume of 0.25 M sucrose and fractionally centrifuged to 
provide the microsomal pellet (39 , 000  r.p.m. for 60 minutes) and microsomal supernatant 
fractions as previously described by loannides and Parke (1975). The pellet was diluted 
with glycerol buffer and stored at minus 7O°C for determination of the cytochrome P450
enzymes.
To minimize degradation of tissue enzymes, all apparatus and solutions were cooled and 
stored at 4°U room or on ice.
S tatistical analysis
Results are reported as the mean values ± S.E.M. for four animals, and the significance
was analysed using the F- test or Student's t- test or linear regression analysis.
R esu lts
Rats were individually anaesthetized with diethyl ether for 6 minutes after 20 hours 
fasting, then placed immediately in the animal chamber, the expired air collected over 30
43
minutes and analysed for alkanes by the G.L.C. method described by Preece et a/.. (1988). 
Results are mean values ± S.E.M. for 4 rats. Exposure of fasted rats to ether anaesthesia for 
6 minutes resulted in 3-fold increases in ethane and propane exhalation and some 12-fold 
increase in the exhalation of «-butane (Table 2-1).
Similarly, 4-fold increases in TBA-reactive material occurred in both liver and kidneys; 
the blood plasma showed much lower increases (see Table 2-2 and Figure 2-1). The 
concentrations of TBA-reactive material reached maxima at 1 hour and remained elevated for 
a further 2  hours after 6 minutes ether exposure.
The results of chemiluminescence (CL) in liver and kidney showed in Table 2-2 and 
Figure 2-2. The LAC determinations gave a slightly different picture, with liver and kidney 
showing 4 -fold increases over background with maxima at 0.5 hour after ether anaesthesia; 
the increase being greater and more rapid in liver than in kidney (see Figure 2-2). Plasma 
LAC also increased 4-fold over background but remained very low compared with liver and 
kidney throughout the 3 hours of study.
The ether anaesthesia resulted in a marked loss of the cytochrome P450 of liver and 
kidney, and the time of loss is seen to coincide with the generation of oxygen radicals and 
the onset of autoxidation. The total cytochrome P450 concentrations of liver and kidney 
were decreased to 25-30% of control values at the end of 6 minutes of ether anaesthesia. 
The lowest concentrations correspond to termination of exposure of the rats to the ether at 6 
minutes. This sharp decrease in cytochrome P450 was quickly repaired, and within 30 
minutes had increased to 50% and 70% of control values in liver and kidney respectively 
(see Table 2-3). This initial rapid recovery slowed in both tissues during the 30-60 minutes 
period post-anaesthesia, and was then followed by a more rapid recovery to control values. 
At 2 hours post-anaesthesia these changes in concentrations of cytochrome P450 of liver 
and kidney are seen also in Figure 2-3 and 2-4. The change in the rate of recovery at about 
30 minutes after ether anaesthesia is indicative of possible further oxidative insult occurring 
about this time. It is more marked in kidney than in liver, and coincides with the double 
maxima seen in the TBA-reactive material in kidney.
The activities of the specific cytochrome, P4501, determined as EROD activity, closely 
paralleled the total P450 concentrations in liver and kidney but, unlike total P450 
concentrations, did not make a full recovery to control values at 2  or even 3 hours post­
anaesthesia.
D iscussion
M easurem ent of lipid peroxidation
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Alkane exhalation: This technique is based on the formation of hydrocarbon gases such as 
pentane and ethane during lipid peroxidation. These gases can be easily measured by the 
technique of gas-liquid chromatography (Jeejeebhoy 1991). It must be emphasized that they 
are minor end-products of peroxidation, and their formation depends on the presence of 
transition-metal ions to decompose hydroperoxides. Drugs that affect liver oxidative 
metabolism might be considered to change the rate of lipid peroxidation in vivo. The great 
value of the technique is that formation of these gases can be measured in the expired breath 
of whole animals and of human, i.e. this is potentially a non-invasive assay for lipid 
peroxidation in vivo (Palier & Hebbel 1986). The expired breath is passed through silica 
gel at low temperature to absorb and to concentrate the hydrocarbons, which are then 
assayed in a gas chromatograph. Increased production of pentane from human volunteers 
during severe exercise has been reported (Jeejeebhoy 1991).
Weitz et a l  (1991) reported that the concentration of pentane in the exhaled breath was 
higher (p<0 .0001 ) in an acute myocardiac infarction group than in patient control and 
healthy control groups. It demonstrated that reperfusion after myocardiac ischaemia leads to 
reactive oxygen species (ROS)-mediated peroxidation of membrane lipids and cell damage.
Light emission: The determination of chemiluminescence is a valuable index of ROS 
reactions taking place in intact animal organs (Iwaoka et a l  1987). One source of 
chemiluminescence in vivo is the peroxidation of membrane lipids, the energy probably 
arising from the formation of singlet oxygen during peroxidation and also from the 
formation of carbonyl compounds in their excited states. Measurement of light emission in 
isolated liver cells correlates well with other techniques for measuring lipid peroxidation, 
such as ethane production, which makes it a potentially useful assay method. However, it 
must be realized that other chemical reactions can produce light (Posner et a l  1984, Cheson 
et a l  1976).
The thiobarbituric acid test (TEA): The TEA test is one of the oldest and most frequently 
used tests for measuring the peroxidation of fatty acids, membranes, and food products. 
The material under test is heated with thiobarbituric acid under acidic conditions, and the 
formation of a pink colour is measured at about 532 nm (Kosugi & Kikugawa 1989).
Small amounts of malondialdehyde (MDA) are produced during peroxidation and can 
react in the TEA test to generate a coloured product, probably by the reaction illustrated in 
Figure 2-5 (Smith et a l  1976, Muus et a l  1979). Several compounds other than MDA give 
products which absorb at, or close to, 532 nm on heating with TEA (Witz et a l  1986). 
Table 2-4 gives a list of these. Simple measurement at 532 nm after a TEA test could 
therefore include contributions from these substances, although fluorescence measurements
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can distinguish the products they form from the “thiobarbituric acid-reactive materials 
(TEAR)".
E ther anaesthesia
The beginning of "modern surgery" is the introduction of anaesthesia and of the. 
antiseptic system. The problem of pain continues to shadow the surgeon. In pre-anaesthetic 
days operations were rushed through at lightning speed and under conditions of terrible 
difficulty. One of the great innovations in surgery was anaesthesia with ether, an American
contribution in the 1840s.
Ether was first synthesized from sulphuric acid and alcohol in about 1540 by Valerius
Cordus. In the late 19th century ether was used in the clinic, and shortly afterwards the 
effect of ether on the depression of hepatic function was recognized. The relative safety of 
ether was widely discussed and attention was focussed on its potential role as a liver toxin. 
Just as the heart is the focal organ in the circulatory system, the liver is the centre of 
metabolism in the body. In the event of liver cell failure there may be gross disturbances of 
blood glucose and lactate concentrations, and an inability to synthesize serum albumin and 
proteins concerned with blood clotting. The metabolism of drugs may be impaired, energy 
substrates may be unavailable, and there may be secondary effects on other organs of the 
body, such as the kidney and brain.
M etabolism of ether
Although volatile anaesthetics are thought to act by reversible effects on biological
membranes, these chemicals are not inert and do undergo metabolism, sometimes with toxic 
effects as in the case of halothane. Diethyl ether is metabolized oxidatively to acetaldehyde 
(Chengelis and Neal 1980), primarily by the cytochromes P450. The hepatic microsomal 
oxidation of ether to acetaldehyde is enhanced 3- to 5-fold by pretreatment of rats with 
ethanol or acetone, inducers of cytochrome P4502E1, and 1.5- to 2-fold by pretreatment 
with ether, but is increased only slightly by pretreatment with phenobarbitone (Brady et a l  
1988). However, ether is a stronger inducer of cytochrome P4502B1 than it is of P4502E1 
(Brady et al. 1988), nevertheless, the rates of de-ethylation of ether by purified P4502E1 
and P4502B1 were 4.2 and 0.42 nmol acetaldehyde/min per nmol P450, respectively. 
Known inhibitors of P4502E1, such as hexane, benzene and dimethylnitrosamine, strongly 
inhibited ether de-ethylation, as did a monoclonal antibody to P4502E1 (Brady et al. 1988). 
Similarly, ether anaesthesia inhibited the N-demethylation of dimethylnitrosamine by rat 
liver microsomes (Tan et al. 1987) a mixed-function oxidation known to be catalysed by 
cytochrome P4502E1. These findings all indicate that diethyl ether is oxidatively
metabolized primarily by P4502E1.
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Cytochrom e P4502E1
Cytochrome P4502E1 has a high rate of turnover, and is induced by fasting, ethanol, 
acetone, and diethyl ether, mostly by post-transcriptional regulation (Brady et al. 1988, 
Hong et al. 1987, Bonis and Ingelman-Sundberg 1989). This P450 isoform has a high rate 
of oxygen consumption and a special role in P450-dependent oxidase activity. It is . 
constitutively present in its high-spin form, and is thus especially effective in reducing 
dioxygen to superoxide anion (Ekstrom and Ingelman-Sundberg 1989). In the microsomal 
electron transport chain, P450 is the most important component for the production of 
superoxide anion and hydrogen peroxide (Terelius and Ingelman-Sundberg 1986, 1988) 
which, in the presence of iron, results in the formation of hydroxyl radicals and lipid 
peroxidation (Ekstrom and Ingelman-Sundberg 1986), and in the dénaturation and 
destruction of the cytochromes P450 (Preece et al. 1989, Obrebska et al. 1980). The 
microsomal oxygenation of many substrates of P4502E1 is due, at least in part, to the direct 
action of hydroxyl radicals (Ingelman-Sundberg and Johansson 1981, Ingelman-Sundberg 
and Hagbjork 1982).
Ether-induced lipid peroxidation
In the present studies on the effects of short exposure of fasted rats to ether anaesthesia, 
the increased exhalation of alkanes in the expired air and the rapid increased in TBA-reactive 
material in liver, kidney and blood plasma (>4-fold) at 6 minutes after ether anaesthesia are 
indicative of a rapid onset of lipid peroxidation (see Figure 2-1) (Preece et al. 1988,1989, 
Dutta et al. 1988). These findings are supported by similar rapid increases in the LAC of 
these tissue (see Figure 2-2), indicative of increased generation of reactive oxygen species. 
Although marked increases in liver and kidney TBA-reactive material or LAC occur at 6 
minutes after commencement of ether anaesthesia, i.e. are virtually instantaneous, maxima 
are not reached until 30 minutes later for LAC and 1 hour later for TBA-reactive material, 
with both remaining high for at least a further 2 hours. It may thus be concluded that 
exposure of fasted rats to ether (i) initiates the generation of reactive oxygen species 
(measured as LAC) which results in tissue lipid peroxidation (TBA-reactive material), and 
(Ü) yields lipid peroxidation products in blood plasma, which probably originate in liver and 
kidney, as plasma LAC is minimal and much less than plasma TBA-reactive material, which 
is also much less that liver and kidney TBA-reactive material (see Figure 2-2).
E ther-induced loss of cytochrome P450
Ether anaesthesia also resulted in a rapid loss (70-80%) of cytochrome P450 of liver and 
kidney (see Table 2-3). The loss is seen to coincide with the generation of oxygen radicals 
and the onset of autoxidation, indicating that the P450 may be autoxidatively denatured to 
cytochrome P420 followed by oxidative degradation by haem oxygenase as occurs
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following exposure of rats to carbon disulphide (Obrebska et a l  1980). This loss of P450 
was quickly restored, and total P450 increased rapidly in both liver and kidney as soon as 
the anaesthesia was terminated. Other workers have shown that brief ether anaesthesia to 
mice resulted in a transient loss of hepatic cytochrome P450 accompanied by subsequent 
losses of glucuronyl and glutathione S-transferase activities and glutathione content (To and . 
Wells 1986), while ether anaesthesia of rats resulted in a marked decrease of liver UDP- 
glucuronic acid content to 30% control within 5 min of anaesthesia (Eriksson and Strath 
1981). However, the rapid recovery of total P450 was temporarily impaired at about 30 min 
after termination of anaesthesia (see Figure 2-1, 2-4), which coincides with the time of 
maximal production of reactive oxygen species.
The loss of cytochrome P450 following 20 hours fasting, and ether anaesthesia, could 
be attributed to: (i) depletion of liver glutathione and induction of P4502E1 by the fasting; 
(Ü) binding of ether to cytochrome P450 thereby competing with other substrates (e.g. 7- 
ethoxyresorufin) and ligands (carbon monoxide) to give low estimates of the cytochrome 
and their activities; (iii) production of reactive oxygen species from the induced P4502E1 in 
the presence of an acceptable substrate (diethyl ether) and (iv) destruction of constitutive 
cytochromes by reactive oxygen species following the loss of protective glutathione and 
glucagon-mediated (fasting) degradation of the P450s (Eliasson et al. 1990). Cytochrome 
P4502E1 will be stable in the presence of its substrate (ether and acetone) (Eliasson et al. 
1990), and P4501 also considered to be among the more stable of these enzymes (Sesardic 
et al. 1989, Preece et al. 1989). Loss of total P450 after ether anaesthesia was closely 
paralleled by losses of P4501, determined by the specific EROD assay. However, whereas 
total P450 had been completely restored at 2 hours after ether exposure, P4501 had returned 
to only 80% of the original concentration (Table 2-3), probably due to the selective 
induction of P4502E1 by the ether (Brady et al. 1988). The molecular mechanisms of this 
phenomenon of P450 destruction and induction following food deprivation and ether 
anaesthesia were subsequently considered in further detail, and the results are reported in 
subsequent chapters.
Im plications of ether-induced lipid peroxidation
As diethyl ether was a major anaesthetic in wide use 40-50 years ago, when post- 
surgical fatalities appeared to be related to the duration of anaesthesia, the effects of ether 
seen in our acute rat studies could readily explain the hepatic necrosis seen in fatalities 
following prolonged anaesthesia (Babcock 1944, Bourne 1936). The exacerbating effects of 
food deprivation (Babcock 1944, Bourne 1936) on post-surgery mortality could be 
similarly explained by the inductive effects of fasting on P4502E1, a cytochrome with high 
potential for generating reactive oxygen species (Ekstrom and Ingelman-Sundberg 1989). 
However, oxygen toxicity is a much greater hazard in small rodents than in man, because of
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the higher metabolic rate and tissue oxygen uptake of the former (Parke and loannides
1990). Consequently, the rate of superoxide anion generation by P4502E1 is likely to be
lower in man than in rat.
Analysis of a follow-up of 100,000 recent anaesthesias showed that anaesthetic factors, 
including duration, made no significant contribution to the 7-day mortality of post-surgery, 
patients, which was more closely related to the age and medical status of the patient, and the 
complexity of the surgical procedures (Cohen et a l  1988). However, the modem 
anaesthetic, isoflurane, structurally related to diethyl ether, is metabolized in vitro more 
rapidly after treatment of rats with ethanol (Van Dyke 1983), enhances dimethylnitrosamine 
N-demethylase activity, and induces total cytochrome P450, so may also interact with 
cytochrome P4502E1. Furthermore, halothane is a substrate of P4502E1, and this may be 
associated with the known hepatotoxicity of this chemical. Moreover, as ether is a 
commonly used solvent in industrial and medical usage, and is also used as an anaesthetic in 
pharmacology/toxicology procedures with experimental animals, its potential for causing 
lipid peroxidation, and for altering the pharmacokinetics of other drugs and xenobiotics, 
cannot be emphasized too strongly. In a recent study in rats, diethyl ether was found to 
decrease the plasma clearance of the drug diflunisal, and inhibit its glucuronidation and 
sulphation (Watt and Dickinson 1990). The continued use of ether as a solvent, and as an 
anaesthetic in experimental animal studies, should therefore be questioned more seriously.
Table 2-1. Alkane exhalation by rats subjected to fasting and ether anaesthesia.
Control Fasting & ether anaesthesia
(nmol/kg body wt. per 30 minutes)
Ethane 3.9+O.3 10.8±2.5***
Propane 3.5±0.2 8.5±2.0**
n-Butane 0.5±0.1 6.9±1.9***
Rats were individually anaesthetized with ether for 6 min after 20 h 
fasting, then placed immediately in the animal chambers, the expired 
air was collected over 30 minutes and analysed for alkanes by the G.I.C. 
method described by Preece et a l  (1988). Results are means ± S.E.M.
for four rats. ***P<0.001, **P<0.01, *P<0.05 vs control values.
Rats 
were 
fasted 
for 20 
hours, anaesthetized 
with 
diethyl ether for 
6 m
inutes, then 
killed 
at 0, 30, 60, 120, and 
180 
m
inutes later. Results are 
the 
means ± 
S.E.M
. of four rats at each 
time point.
TEP: 1,1,3,3-tetraethoxypropane.
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Table 2-4. Reaction of biological molecules with thiobarbituric acid.
Compound
TB A reactivity
Fluorescence of product 
Absorbance maxima of excitation emission 
product (nm) wavelength (nm)
Malondialdehyde 
Ethanol + sucrose 
Biliverdin 
Glyoxal 
Furfuraldéhyde
532 (acid) 
447, 532 
460, 532,560 
460, 522, 550 
510
532 553 (strong) 
532 556 (weak) 
522, 560 580 (weak) 
524, 540 (weak) 
Not significant
(From Witz et al. 1986.)
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Figure 2-1. Concentration of TBA-reactive material in rat tissue after fasting for 20 
hours and acute exposure to ether anaesthesia for 6 minutes.
Results are means ± S.E.M. expressed as nmol TEP/mg protein for four rats. The
“x—x” represents liver cytosol, the “ A  A ” represents kidney cytosol and
“A—A” represent plasma, S.E.M. values are indicated by bars.
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Figure 2-2. Luminol-stimulated chemiluminescence of rat tissue after fasting for 20 
hours and subjected to acute exposure to ether anaesthesia for 6 minutes.
Results are means ± S.E.M. expressed as 1000 cpm/mg protein for four rats. The
“x—x” represents liver cytosol, “ A  A ” represents kidney cytosol and “A—A”
represent plasma, with S.E.M. values indicated by bars.
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Figure 2-3. Changes of total cytochrome P450 and P4501 in liver after depriving rats 
of food for 20  hours and anaesthetized with ether for 6 minutes.
(A—A) represents total cytochrome P450, (x—x) represents cytochrome P4501 with 
S.E.M. values shown as bars. *P<0.05, **P<0.01, **P<0.001 vs the results of rats 
without ether.
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Figure 2-4. Changes of total cytochrome P450 and P4501 in kidney after depriving rats 
of food for 20  hours and anaesthetizing with ether for 6 minutes.
(A—A) represents total cytochrome P450, the (x—x) represents cytochrome P4501 
with S.E.M. values shown as bars. *P<0.05, **P<0.01, **P<0.001 vs the results of 
rats without ether.
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CHOOH
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OHOH
CH — C H = G
Product
Figure 2-5. The reaction of thiobarbituric acid.
(From Smith et al. 1976.)
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Induction of Cytochrome P4502E1 -  
A Mechanism of Oxidative Stress Tissue Injury
Introduction
Until the 1960s, operative surgery was greatly limited by high rates of morbidity 
associated with surgical trauma, a syndrome characterised by hepatic and renal necrosis 
(Bishop 1961, Babcock 1944).
A group of U.S. surgeons in Gallipoli in 1916 observed that maintaining battle 
casualties on a glucose-saline drip for twenty four hours prior to surgery, greatly 
reduced the mortality rate from surgical trauma (Babcock 1944). This led du Vigneaud 
and others to realize that the liver contains a substance which protects against chemical 
toxicity, e.g. bromobenzene, and resulted in the isolation of glutathione by Gowland- 
Hopkins in 1926. Gowland-Hopkins regarded glutathione as the ultimate intracellular 
redox buffer, and subsequent studies showed that this afforded protection against 
reactive oxygen species toxicity and oxidative stress tissue injury.
Ischaemic tissue injury is another factor in the pathogenesis of trauma. After several 
decades of research into the mechanisms of surgical trauma and ischaemia-reperfusion 
tissue injury, involving hepatic and renal dysfunction and multiple organ failure, it is 
clear that mediators involved in the pathophysiological processed include the 
insulin/glucagon ratio, catecholamines, growth hormone, aldosterone, corticosteroids, 
prostaglandins, interleukins and, particularly, reactive oxygen species.
Although the toxicity of reactive oxygen species, for example, the hydroxyl radical
(OH ), superoxide anion (02"'), had long been known in the 1920s, the discovery of
superoxide dismutase and the pioneering work of McCord and Fridovich (1969) gave
renewed impetus to the study of oxidative stress. This cause of tissue injury occurs
when the natural cellular defences against reactive oxygen species by glutathione 
(Barsacchi et a l  1984, Orrenius and Moldeus 1984), tocopherol (Wayner et a l  1987),
ascorbate, retinoids, superoxide dismutase (McCord 1985) and catalase (Sies et a l
1973), glutathione peroxidases and reductase, have been depleted and overwhelmed.
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It is also now well-known that reactive oxygen species are continuously being 
generated in biological systems from flavoprotein oxidases (xanthine oxidase) and 
peroxidases, from mitochondrial electron leakage, futile cycling of microsomal 
cytochromes, redox cycling of xenobiotic quinones, myeloperoxidase of leucocytes, 
etc., and that the body requires constant replenishment of NADPH, glutathione (S- 
amino acids), ascorbate, tocopherol, etc., to ensure that oxidative stress and lethal injury 
(tissue necrosis) do not occur. Indeed, protection against oxidative stress and chemical 
toxicity now seems to be one of the most important roles of good nutrition (Parke et a l
1991).
Recent studies by Ingelman-Sundberg and others (Esktrom & Ingelman-Sundberg 
1984,1989, Tindberg & Ingelman-Sundberg 1989) have shown that in the cytochrome 
P450 superfamily of enzymes, the microsomal electron transport chain is one of the 
important endogenous sources of reactive oxygen species within the cell (Ekstron and 
Ingelman-Sundberg 1986). The cytochrome P450 family is present in the endoplasmic 
reticulum (microsomes) and one of its principal roles is to facilitate the elimination of 
lipophilic xenobiotics by mixed-function oxidations (Ekstrom et a l  1986, loannides and 
Parke 1990). Of these many different cytochrome P450 enzymes, one known as 
P4502E1, is normally present in liver in the activated, high-spin state and has a high rate 
of turnover and oxygen consumption, so consequently may play an important role in 
oxidative stress and tissue injury (Gorsky et a l 1984). Cytochrome P4502E1 is induced 
by low molecular weight chemicals, e.g. ethanol, acetone, diethyl ether, benzene 
(Tindberg and Ingelman-Sundberg 1989) and also by fasting (Hong et a l  1987). It has 
been suggested that the hepatic toxicity associated with ethanol and other substrates of 
this enzyme, may be attributed to oxidative stress tissue injury; furthermore, the rodent 
hepatocarcinogenicity of dimethyl- and diethyl-nitrosammes have been related to their 
metabolic denitrosation and dealkylation by P4502E1, and the concomitant production of 
reactive oxygen species (loannides and Parke 1975, Parke et a l  1991).
Other recent studies (Preece et a l  1988,1989,1990) have shown that a characteristic 
feature of oxidative stress, in rats and mice, produced by injection of iron 
nitrilotriacetate— an active complex of iron that readily catalyses the generation of 
reactive oxygen species—is hepatic and renal necrosis, and loss of hepatic cytochrome 
P450. As these were the major pathological features of surgical trauma seen in human 
patients, it appeared likely that oxidative stress played a major role in one or more of the 
segments of this pathological syndrome.
In the first series of experiments the effects of anaesthesia with diethyl ether were 
studied in rats fasted for 20 hours. The effects of exposure to ether for 6 minutes, to 
produce a light state of anaesthesia, resulted in marked generation of reactive oxygen 
species in both liver and kidney, lipid peroxidation as measured by alkane exhalation,
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increase in thiobarbituric acid-reacting substances, and destruction of liver andkidney 
total cytochromes P450. This phase of the work has been dealt with in Chapter 2. The 
mechanism of oxidative stress tissue injury by fasting and ether anaesthesia should be 
studied further by observing the cytochromes P450, particularly P4502E1. To study 
each segment individually for oxidative stress injury, the following quantitative 
procedures for examining the effects of reactive oxygen species production on hepatic 
and renal cytochromes P450, particularly focusing on P4502E1, were undertaken: 
cytochrome P4501 (7 -ethoxyresorufin O-deethylase), P4502B (7 -pentoxyresorufin O- 
deethylase), P4502E1 (4-nitrophenol hydroxylase; activation of nitrosopyrrolidine 
detected by mutagenesis (Ames) assay; and immunoquantification with a P4502E1 
antibody). The individual segments of fasting and anaesthesia were studied separately.
Material and Methods 
Materials
Chemical materials
The materials for determination of the cytochromes P450 subfamily, including 
sodium dithionite (BDH Chemical Ltd., Poole England), NADPH, 4-nitrocatechol (1,2- 
dihydroxy-4-nitrobenzene), resorufin (7-hydroxy-3H-phenoxazine-3-one), p- 
nitrophenol standard solution (10 |imol/ml), ascorbate oxidase, 7 -pentoxyresorufin 
(resorufin pentyl ether; 7-pentyloxy-3-phenoxazone), and 7-ethoxyresorufin (7-ethoxy- 
3H-phenoxazine-3-one) rabbit-anti-sheep IgG (whole molecular) (Sigma Chemical 
Company, London), and acrylgel EC-810, EC-820 (National Diagnostics), cellulose 
nitrate (Anderman Company), were purchased.
Methodology
Animals
Male Wistar-albino rats (250-300 g body wt.) from the University of Surrey 
Experimental Biology Unit, were housed in polypropylene cages on wood-shaving 
bedding, at 22°C and 50% humidity, with lighting from 07.00 to 19.00, and were given 
Spratts Laboratory Animal Diet No.l, Betchworth, UK, and drinking water ad lib. Rats 
were divided randomly into four groups:
Group 1: Fed, non-anaesthetized— 6 rats were given diet and water ad lib, and without 
anaesthesia as control.
Group 2: Fasted, non-anaesthetized— 6 rats were deprived of food for 24 hours but 
allowed drinking water ad lib, and were not subjected to ether anaesthesia.
Group 3: Fed plus ether anaesthesia— 3 x 4  rats were given diet and water ad lib and 
exposed to ether for total 6 minutes, then the microsomes were prepared and parameters 
were determined as described for rats killed at 0,0.5 and 2 hours after anaesthesia.
5 9
Group 4: Fasted plus ether anaesthesia— 3 x 4  rats were deprived of food for 24 hours 
then anaesthetized with ether for a total of 6 minutes, the microsomes were prepared and 
parameters were determined as described for rats killed at 0, 0.5 and 2 hours after 
anaesthesia.
Procedure of anaesthesia
Rats in fed and fasted groups 3 and 4 were anaesthetized with diethyl ether in a 
closed chamber, using the minimum amount of ether, at a dose level of approx. 5 g/kg 
(Wollman and Smith 1975). The animals lost their righting reflexes after 2 minutes of 
exposure of ether, and they were kept in the anaesthetic chamber in narcosis for a further 
4 minutes (exposed to ether for 6 minutes totally). The rats were then killed by cervical 
dislocation immediately, and liver and kidney were removed for preparation of 
microsomes. Other rats were killed at 0.5, and 2.0 hours after recovery from 
anaesthesia. Non-anaesthetized rats served as controls.
P reparation  of microsomes
The liver and kidney obtained from different pretreated rats were washed in 0.9% 
saline at 4°C, then homogenized in 4 vol. of 0.25 M sucrose and fractionally centrifuged 
to provide the microsomal pellet and microsomal supernatant fractions (39, 000 r.p.m. 
for 60 minutes at 4°C) as previously described by loannides and Parke (1975). The 
pellet was diluted with glycerol buffer and stored at minus 70°C for determination of the
cytochrome P450 enzymes.
To minimize degradation of tissue enzymes, all apparatus and solutions were cooled 
and stored in 4°C room or on ice.
Assay of total cytochrome P450
Total cytochrome P450 was determined spectrophotometrically as the carbon 
monoxide complex by the method of Omura and Sato (1964).
Microsomal suspension (25%) was diluted 10-fold with 0.1 M phosphate buffer 
pH7.4 and then added into two cuvettes. A few granules of sodium dithionite were 
added to both cuvettes and CO was bubbled through one of the cuvettes for 
approximately 30 seconds. A different spectrum was obtained between 390 and 500 nm, 
and P450 was expressed as the difference in optical density between 450 and 490 nm. 
The molar extinction coefficient for cytochrome P450 was taken as: 91 mM"1 cm-1.
Determination of cytochrome P4501
Cytochrome P4501 (P448) was determined by the specific 7 -ethoxyresorufin O- 
deethylase method of Burke and Mayer (1974), using fluorescent standards of resorufin.
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The following reagents were mixed (maintained at 37°C) in a fluorimeter cuvette:
Tris HC1 buffer (0.1 M), pH7.8 (at 37°C) 2.0 ml
microsomal suspension (25%) 50 |il
7 -ethoxyresorufin (0.1 mM) 10 fil
A baseline was recorded and the reaction initiated by addition of 10 |il of NADPH 
(50 mM in 1% NaHCOg). The initial, linear rate of reaction was recorded, and the 
fluorimeter was calibrated by addition of 10 pi aliquots of resorufin (0.01 mM) to the 
incubation mixture. The excitation wavelength was 510 nm, and the emission 
wavelength was 586 nm.
D eterm ination of cytochrome P4502B
The procedure is the same as for the determination of cytochrome P4501, but using 
the 7 -pentoxyresorufin O-deethylase method of Lubet et a l  (1985) which is relatively 
specific for P4502B.
The following reagents were mixed (maintaining at 37°C) in a fluorimeter cuvette.
Tris HC1 buffer (0.1 M), pH7.8 (at 37°C) 2.0 ml
microsomal suspension (25%) 50 pi
7 -pentoxyresorufin (0.5 mM) 5 pi
A baseline was recorded and the reaction initiated by addition of 10 pi of NADPH 
(50 mM in 1% NaHCOg). The initial, linear rate of reaction was recorded, and the 
fluorimeter was calibrated by addition of 10 pi aliquots of resorufin (0.01 mM) to the 
incubation mixture. The excitation wavelength was taken as 510 nm, and the emission 
wavelength was as 586 nm.
D eterm ination of cytochrome P4502E1
Using 4-nitrophenol hydroxylase to assay P4502E1. Cytochrome 
P4502E1 was measured by the relatively specific p-nitrophenol hydroxylase method of 
McCoy and Koop (1988, Koop 1986, Koop et a l  1989). The following reagents were
mixed:
potassium phosphate buffer (143 mM, pH6 .8) 0,7 ml
p-nitrophenol (1.0 mM) 0.1 ml
microsomal suspension (25%) 0.1 ml
The above mixture was incubated at 37°C for 3 minutes, then the reaction was 
initiated by addition of NADPH 0.1 ml (10 mM). After 10 minutes, the reaction was 
terminated by adding perchloric acid 0.5 ml (0.6 N). After centrifugation, 1 ml 
supernatant was taken and 0.1 ml of NaOH (10 M) was added, the absorbance measured 
on the spectrophotometer at 546 nm was obtained. Different concentrations of 
nitrocatechol served as standards.
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W estern blot technique for P4502E1. Immunoblot (Western blot) analysis 
was carried out as described by Towbin ei a l  (1979). Liver microsomes from different 
groups of rats were subjected to SDS-polyacrylamide gel electrophoresis (Laemmli, 
1970) and transferred to nitrocellulose paper. After blocking with 10 mM phosphate- 
buffered saline, pH7.4, containing 1% w/w bovine serum albumin, the nitrocellulose 
was incubated with the monospecific antibody to P4502E1 at dilutions of 1:5,000. The 
detecting antibody (rabbit-anti-sheep) conjugated to horseradish peroxidase, was used at 
a dilution of 1:2,000 in phosphate-buffered saline, pH 7.4, containing 1% bovine serum 
albumin. Immunopositive bands were detected by treatment with diaminobenzidine 
chloride (0.5  mg/ml) and H2O2 (30 vol. diluted 1:10, 000) for 1 minute then rinsing the
nitrocellulose paper with water.
Activation of nitrosopyrrolidine to a mutagen for the determ ination of 
P4502E1. Metabolic activation of the precarcinogen nitrosopyrrolidine (McCoy et a l  
1979) (0 , 1, 2 , 5 mg per plate) | to mutagenic intermediates was determined
using the Ames test (Maron and Ames 1983). The standard strains of Salmonella 
typhimurium  bacteria and solutions were supplied by The Ames Test Laboratory, 
Department of Biochemistry, University of Surrey. The assay employed a fresh, 
overnight culture of S. typhimurium TA1530, in the presence of 10% v/v rat liver 
microsomal preparations from the different rats, previously pretreated as per- 
experimental design respectively, and supplemented with glucose 6 -phosphate 
dehydrogenase (1 unit/plate). The mixtures of nitrosopyrrolidine; (0, 1, 2, 5 mg per1 
jplate), bacteria and activation system were incubated in plates at 37°C for 48 hours before 
counting the numbers of revenant colonies.
M easurem ent of protein
Protein concentration was determined by the method of Lowry et al. (1951).
S tatistical analysis
Results are reported as the mean values ± S.E.M. for four or six animals, and the 
significance was analysed using the F- test or Student's t—test or linear regression 
analysis.
R esu lts
Four groups of rats were studied, namely, group 1— fed, non-anaesthesia; group 
2—fasted non-anaesthesia; Group 3— fed plus anaesthesia; and group 4— fasted plus 
anaesthesia. In addition the effects of 6 minutes of ether anaesthesia were examined 
immediately, and after 30 minutes and 2 hours recovery (see Table 3-1).
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Total P450: In fed rats, total hepatic P450 paralleled that observed in the early 
experiment (Chapter 2). At the completion of 6 minutes ether anaesthesia total P450 in 
liver had decreased by 30% (0.71 decreased to 0.51 nmol/per mg protein); this was 
restored to control level after 30 minutes, and at 2 hours had increased to 120% control 
(0.84 nmol/per mg protein). The effects of ether anaesthesia on total P450 in kidney of 
fed rats were similar but not marked as in the liver.
In fasted rats, the effects of ether anaesthesia were much more severe. At the end of 
the 6 minutes anaesthesia, total P450 in liver had been decreased by 65% (0.84 
decreased to 0.29 nmol/per mg protein); this was restored to 60% of control value after 
30 minutes, and to 70% control after 2 hours. The effects on total P450 in kidney of 
fasted rats were even more marked than that in the liver; the loss of P450 immediately on 
completion of ether anaesthesia was 85% of control (0.35 decreased to 0.05 nmol/per 
mg protein), and this was restored only to 20% control (0.08 nmol/per mg protein) after 
30 minutes and to 35% control (0.13 nmol/per mg protein) after 60 min of recovery.
P4501: In the fed rats, P4501 activity at 6 minutes of ether anaesthesia in the liver 
was decreased by 30% (6.19 decreased to 4.17 pmol resomfin/min per mg protein), this 
was restored to 90% of control level (5.49 pmol resorufin/min per mg protein) after 30 
minutes recovery, and at 2 hours had increased to 110% control (6.91 pmol 
resorufin/min per mg protein). The effects of 6 minutes ether anaesthesia on P4501 in 
kidney of fed rats were similar and recovered to 155% control after 2 hours anaesthesia.
In the fasted rats, the effects of ether anaesthesia were more severe than those in fed 
rats. At the end of the 6 minutes ether anaesthesia, P4501 in liver had been decreased by 
7 7 % (5.24 to 1.28 pmol resorufin/min per mg protein), this loss was restored to 40% 
(2.12 pmol resorufin/min per mg protein) of control value after 30 minutes, and to 50% 
(2.7 pmol resorufin/min per mg protein) of control value after 2 hours recovery. The 
effects of ether anaesthesia on P4501 in kidney of fasted rats were similar to the changes
in liver of fasted rats.
P4502B: In fed rats, at the completion of 6 minutes of ether anaesthesia P4502B 
in liver had decreased by 43% (3.22 to 1.83 pmol resorufin/min per mg protein), this 
loss was restored to 90% of control value (2.89 pmol resorufin/min per mg protein) after 
30 minutes recovery, and to the control value (3.25 pmol resorufin/min per mg protein) 
after 2 hours recovery .The effects of 6 minutes ether anaesthesia on P4502B in kidney 
of fed rats were similar to the effects in the liver of fed rats.
In the fasted rats, at the end of 6 minutes ether anaesthesia P4502B had decreased by 
42% (1.87 to 1.14 pmol resorufin/min per mg protein), this was restored to control 
values after 30 minutes recovery, and to 110% of control value after 2  hours recovery. 
The effects of ether anaesthesia on the kidney of fasted rats were similar to the effects in 
liver of fasted rats.
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P4502E1: In contrast to cytochrome P4501 and P4502B, cytochrome P4502E1 
was not decreased by anaesthesia or by fasting, but was actually increased. In liver of 
fed rats, P4502E1 was increased from 2.3 to 3.15 nmol nitrocatechol/min per mg 
protein (135% control) immediately after 6 minutes anaesthesia, and to 3.7 nmol 
nitrocatechol/min per mg protein (160% control) after 2 hours recovery. In fasted rats, 
the effects were even more marked, namely, 3.9 to 5.6 nmol nitrocatechol/min per mg 
protein (140% control fasted and 240% control fed value) at 6 minutes anaesthesia, and 
4.8 nmol nitrocatechol/min per mg protein (125% control fasted and 215% control fed) 
at 30 minutes of recovery. In the kidney of fasted rats P4502E1 was increased to 3.7 
nmol nitrocatechol/min per mg protein at end of 6 minutes ether anaesthesia (127% 
control fasted, and 154% control fed) and to 3.6 nmol nitrocatechol/min per mg protein 
(124% control fasted, and 150% control fed) after 30 minutes recovery.
From this it can be calculated that fasting alone increased cytochrome P4502E1 by 
70% (2.3 to 3.9 nmol nitrocatechol/min per mg protein) and ether anaesthesia alone 
increased P4502E1 by 60% (2.3 to 3.7 nmol nitrocatechol/min per mg protein), and the 
two effects were additive.
The results of activation of nitrosopyrrolidine to mutagenic metabolites as a 
measurement of P4502E1 activity in liver and kidney are shown in Table 3-2. The 
correlation coefficients between the colony number and the dosages of nitrosopyrrolidine 
were as follow: r=0.47, P>0.05 in fed rat hepatic S9; r=0.96, P<0.01 in the S9 of fed 
rat exposed to ether for 6 minutes; r=0.99, P<0.001 in the S9s of both fasted and fasted 
plus ether anaesthesia. The results indicate that the activation of nitrosopyrrolidine by 
cytochrome P4502E1 in fasted, and fasted plus ether anaesthesia, rat microsomes were 
higher than the activation of nitrosopyrrolidine by the P4502E1 of fed, and fed plus 
ether, rat microsomes. The results of the renal S9 were similar to the results of liver 
(Figure 3-5, 3-6).
The induced P4502E1 in different groups was confirmed immunologically by 
Western blot. The standard band utilised an antibody of P4502E1, induced by isoniazid. 
The band density of P4502E1 in the microsomes of fasted plus ether anaesthesia rat was 
stronger than other band densities from fasted only, fed only, and fed plus ether 
anaesthesia microsomes, both from liver and kidney (Figure 3-7 ,3-8).
D iscussion
The initial experiments to study the combined effects of fasting and ether anaesthesia 
showed conclusively that oxidative stress and lipid peroxidation occurred in both liver 
and kidney (Liu et al, 1991). These two aspects (starvation and anaesthesia) together
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might therefore account for the hepatic and renal necrosis that are characteristic of humam 
surgical trauma fatalities, and are also characteristic of iron-induced oxidative stress in 
rat (Preece et al. 1988, 1989). The increase exhalation of alkanes in the breath, the 
increase in TBA-reactive material in liver, kidney and plasma, the increase in luminol- 
stimulated chemiluminescence of liver and kidney, and the marked loss of kidney and 
liver cytochrome P450, all confirm the formation of reactive oxygen species 
(chemiluminescence), oxidative stress (alkanes), lipid peroxidation (TEAR) and 
membrane damage (loss of P450) that could lead to the death of the cell and necrosis of 
the tissue.
The present experiments were devised to address two questions, namely, (i) is the 
fasting, or ether anaesthesia, or both, responsible for the oxidative stress and tissue 
injury, and (ii) what is the reason of cytochrome P450 loss, and are the various different 
P450 enzymes all similarly affected? The results of chemiluminescence and 
thiobarbituric acid-reactive determination, plus the loss of total cytochrome P450 which 
mirrors the lipid peroxidation, clearly indicate that both fasting and ether anaesthesia 
contribute, about equally, to the oxidative stress. Moreover, the effective is additive. The 
immediate mechanism of cytochrome loss is obviously the consequence of lipid- 
peroxidation of the membranes of the endoplasmic reticulum, with dénaturation of the 
cytochromes P450 and loss of their enzymic functions. However, this is complicated by 
a series of other factors, namely, that whereas the total P450, P4501 and P4502B are 
markedly decreased (70-80%) by the lipid peroxidation, P4502E1 is not destroyed, 
indeed it is increased (140%). This agrees with previous work which showed that 
P4502E1 is induced by fasting (Hong et a l  1987) and by ether anaesthesia (Brady et al.
1988). Two further factors emerge, namely, that P4502E1 is resistant to damage by lipid 
peroxidation of the endoplasmic reticulum and may be unique in this respect; and 
secondly, the increase in tissue P4502E1 levels appears to precede the oxidative stress 
(70% increase before anaesthesia), and might well be the origin of this, since it has been 
shown that P4502E1 is normally in the high-spin form, which generates reactive oxygen 
species (Ekstrom and Ingelman-Sundberg 1989).
M ethodology of m easuring P4502E1
Nitrophenol hydroxylation: The hydroxylation of p-nitrophenol hydroxylate to 4- 
nitrocatechol is induced by ethanol, indicating a role for P4502E1. The participation of 
this enzyme was demonstrated directly by antibody inhibition and correlation with 
induction. p-Nitrophenol hydroxylation is one of only a few P450-dependent reactions 
that are almost exclusively catalysed by P4502E1 in rabbit microsomes (McCoy and 
Koop 1988). The assay for p-nitrophenol hydroxylation is fast and simple to run, it 
requires only a spectrophotometer and it is fairly sensitive (Koop 1986). Since P4502E1
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is responsible for more than 9j0% of the p-nitrophenol hydroxylase activity of 
microsomes from acetone- or ethanol- treated rabbits, the p-nitrophenol hydroxylase is a 
sensitive and reliable assay for the presence of P4502E1 (Koop 1986, Koop et al. 
1989).
Western blot: Many years after its first use, polyacrylamide gel electrophoresis continues 
to play a major role in the experimental analysis of proteins and protein mixtures. One of 
the major recent advances in the analysis of proteins after gel electrophoresis has been 
the development of techniques for the transfer of the separated proteins from the gel to a 
thin support matrix, most commonly a nitrocellulose membrane, to which they bind and 
are immobilized (Hames 1990). This transfer procedure is referred to as blotting. Under 
ideal conditions, over 90% of the protein can be transferred. The semi-quantitative 
immunodetection protocol for nitrocellulose filters is used in the Western blot. After 
enhancement by second antibody, protein bands containing as little as 1 pg protein can 
be detected. Immunological techniques exist which utilize the sensitivity of this 
methodology to allow the detection of all the blotted proteins (Towbin et a l  1979). This 
was therefore a most useful confirmatory procedure for demonstration that specifically 
P4502E1 protein was induced by the fasting and by ether anaesthesia.
Activation of nitrosopyrrolidine: Methods for detecting carcinogens and mutagens with 
the Salmonella mutagenicity test were described by Ames (1971). Use of the Salmonella 
test has grown enormously since publication of the original paper, and test data on more 
than 5,000 chemicals have been published. The test has also been used to determine the 
mutagenicity of complex environmental and biological mixtures. Many of the mutagenic 
components of these mixtures have been characterised chemically. The Salmonella 
strain TA 1530 is very sensitive to the mutagenic metabolites of the pre-carcinogen, 
nitrosopyrrolidine (McCoy et a l  1979), which is metabolically activated specifically by 
P4502E1. Hence, this procedure is an excellent alternative quantitation method for 
estimating P4502E1 activity.
Cytochrom e P4502E1
Cytochrome P4502E1 has a high rate of turnover, and is induced by fasting, ethanol, 
acetone, and diethyl ether (see Table 3-3) (Koop 1986) mostly by post-transcriptional
regulation. This P450 isoenzyme has a high rate of oxygen consumption and a special 
role in P450-dependent oxidase activity. In the microsomal electron transport chain, 
P4502E1 is the important component for production of superoxide anion and hydrogen 
peroxide (Kuthan et a l  1978, Terelius and Ingelman-Sundberg 1988) which, in the 
presence of iron, result in the formation of hydroxyl radicals and lipid peroxidation
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(Ekstrom and Ingelman-Sundberg 1986), and hence in the dénaturation and destruction 
of the cytochrome P450 (Preece et al. 1989, Obrebska et al. 1980). The microsomal 
oxygenation of many substrates of P4502E1 is due, at least in part, to the direct action of 
hydroxyl radicals (Ingelman-Sundberg and Johansson 1981, Parke 1987) (see Chapter 
1-7: Inducible cytochrome P4502E1).
Compared to other forms of P450, P4502E1 is very active in the metabolism of 
aniline (Ingelman-Sundberg & Ekstrom 1982), ethanol (Morgan et al. 1982, Ryan et al. 
1986, Ingelman-Sundberg & Johansson 1984, Lieber 1989), N-nitrosodimethylamine 
(Patten et al. 1986, Levin et al. 1986), acetone (Ronis & Ingelman-Sundberg 1989, 
Johansson et al. 1986 & 1988, Koop & Casazza 1985), acetaminophen (paracetamol), 
pentane (Terelius & Ingelman-Sundberg 1986), benzene (Ingelman-Sundberg & 
Hagbjork 1982) and CCU (Persson et al. 1990, Manno et al. 1992). In this case, 
autoxidation of the oxycytochrome P450 complex results in the liberation of superoxide 
anions. Hydrogen peroxide generated by dismutation of the superoxide anions reacts in 
an iron-catalysed Haber-Weiss reaction yielding OH* which in turn react with the 
substrate (Aust and White 1985, Fridovich 1986). Specific substrates for quantifying 
P4502E1 are p-nitrophenol (Koop 1986, Koop et al. 1989) and nitrosopyrrolidine 
(McCoy et al. 1979), and specific immunoquantification may be made with P4502E1 
antibody in the Western blot technique (Towbin et al. 1979).
Furthermore, it was noticed that hepatic destruction in post-anaesthesia or chemical 
toxicity, for example, carbon tetrachloride or ethanol, always occurred in the 
centrilobular region of the liver (Dixon et al, 1975, Adam and Thorpe 1972). This 
phenomenon has been attributed to the circulatory or nutritional characters of the 
centrilobular regions. However, more recently, it has been demonstrated by Ingelman- 
Sundberg (1988) that the content of cytochrome P4502E1 in the centrilobular region is 
33-fold higher in control, and 60-fold higher in ethanol-pretreated rat liver than that in 
the periportal region of control liver. Moreover, Tsutsum et al. (1989) examined liver 
samples from alcoholics and found that the concentration of cytochrome P4502E1 in 
recently-drinking individuals was 4-fold higher than that in non-drinking persons (seen 
Chapter 1-7). The propensity of production of reactive oxygen species by cytochrome 
P4502E1, and the characteristic feature of location of P4502E1, are in favour of 
explaining the fact that hepatic destruction caused by drug-toxicity or other pathological 
factors, e.g. ischaemia-reperfusion liver injury and general infection, always primarily 
involve in the centrilobular region.
The possible mechanism of the loss of cytochrome P450
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Recent data show that besides the well-known, and extensively-studied, long-term 
regulation of foreign compound metabolising enzymes by induction (increased synthesis 
of enzyme protein), there exists a short-term, fast regulation by post-translational 
modification of the protein molecule by phosphorylation (Jansson et a l  1990).
This phosphorylation process is donor- and acceptor-selective leading to 
phosphorylation of defined isoenzymes by defined protein kinases. This in turn results 
in fast and marked changes in metabolism which are selective for given substrates and 
stereo-selective for given positions. The activity of xenobiotic-metabolizing enzymes is 
of obvious importance for the effects of drugs and environmental chemicals. The 
possibility of a faster regulation of foreign compound metabolism by post-translational 
modification (e.g. by phosphorylation), of an already preexisting protein, linked with an 
increase in the specific activity of the respective enzyme, has only recently received 
attention (Bartlomowicz et a l  1989b). A central role in the metabolism of foreign 
compounds is played by the cytochrome P450-dependent monooxygenase multienzyme 
complex, and this selective post-translational regulation of the pattern of isoforms is an 
elegant method of enzyme control.
During fasting, glutathione is depleted and lipids are mobilised, and production of 
ketone bodies are increased. P4502E1, induced by both ether and acetone, is in the high- 
spin state with an out-of-plane iron atom, and a high redox potential, and thus produces 
reactive oxygen species. During fasting and anaesthesia, P4502E1 reacts with both ether 
and acetone, which enhance P4502E1 stability and inhibit its phosphorylation (Eliasson 
et a l  1990), but other P450 isozymes are continuously phosphorylated, thus undergo 
degradation and destruction by lipid peroxidation resulting from the oxidative stress 
produced by the induced P4502E1. So the concentration of P4502E1 is increased and 
other P450 subfamilies decreased. Furthermore, Mori et a l  (1991) has demonstrated in 
vitro that lipid peroxidation causes the inactivation of microsomal enzymes and decreases 
the content of cytochrome P450. Moreover, recent evidence by Manno et a l  (1992) has 
indicated that human liver cytochrome P450 can be inactivated reductively in vitro by 
CCI4 and halothane; both are substrates of P4502E1, and indicate that a suicide type of 
mechanism for both chemicals may be involved in the inactivation of the human 
enzyme(s).
C o n clusions.
It is thus concluded that a major contribution to surgical trauma arises from fasting 
and anaesthesia, as originally suggested by Bourne (1936), especially where ether is 
used as the anaesthetic, as it still is in some Third World countries. The increased 
production of reactive oxygen species by the induction of P4502E1, together with the 
depletion of glutathione, NADPH, and other essential components of the antioxidant
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defence system, lead to oxidative stress, lipid peroxidation, and eventually to cell death, 
necrosis of the liver and kidney, and patient death (Figure 3-9). Hepatic and renal 
necrosis were highly characteristic of human fatalities in surgical trauma (Babcock 1944, 
Liu etal. 1991) and were the cause of death in iron-induced oxidative stress in rats 
(Preece e ta l  1988). These are strong indications that fasting before surgery should be 
avoided, for example, by total parenteral nutrition or glucose-saline infusion, or local 
anaesthesia with no fasting ("keyhole" surgery) used, and that general anaesthetics 
should be examined for their potential to induce cytochrome P4502E1, especially the 
new anaesthetic(s).
Furthermore, these effects of fasting and ether anaesthesia on the hepatic 
cytochromes P450 are likely to be of major importance in pharmacology and toxicology 
studies in experimental animals. Fasting alone, without ether anaesthesia increased the 
total P450 by 10-15%, but decreased P4501 by 15%, decreased P4502B by 40%, and 
increased P4502E1 by 70%. Hence, the practice of starving animals overnight to 
increase their liver cytochrome P450 and thus their mixed-function oxidase activities, 
results in a major change in the pattern of mixed-function oxidation and drug 
pharmacokinetics. This will also result in enhanced chemical toxicity, both from the 
increased activation to reactive intermediates catalysed by P4502E1, the increased 
production of reactive oxygen species from P4502E1 redox cycling, and the decreased 
levels of glutathione and NADPH, that are consequent to fasting (Figure 3-9).
The conclusion of these studies is that in rat, both fasting and exposure to diethyl 
ether result in reactive oxygen species generation, lipid peroxidation and destruction of 
total cytochromes P450 and P4501 and P4502B; the effects of fasting and ether 
anaesthesia are additive. These pathological effects are due, at least in part, to the 
oxidative stress injury produced by cytochrome P4502E1, which was induced by fasting 
and/or ether (Figure 3-9).
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Table 3-2. Activation of nitrosopyrrolidine as a measurement of cytochrome P4502E1 
activity.
Activation of nitrosopyrrolidine to a carcinogen was determined by the Ames test using 
Salmonella  TA1530. Liver 1 was the S9 fraction of fed rat, liver 2 was S9 of fed rat 
anaesthetized with ether, liver 3 was S9 of fasted r a t , liver 4 was S9 of fasted rat exposed to 
ether for 4 min.
Nitrosopyrrolidine 
Dose (mg) Liver 1
Revenant colonies 
Liver 2 Liver 3 Liver 4
0 12±2 18±1 14±1 12+4
1 53±7 78±13 57+9 87+Î2
2 49±8 112±8 83±7 135+10
5 45±2 172+14 156+11 260+13
Kidney 1 was S9 of fed rat, kidney 2 was S9 of fed rat anaesthetized with ether, kidney 3 
was S9 of fasted ra t , kidney 4 was S9 of fasting rat exposed to ether for 6 minutes.
Nitrosopyrrolidine Revenant colonies
Doses (mg) Kidney 1 Kidney 2 Kidney 3 Kidney 4
0 12±1 21±1 19±2 10±2
1 14±1 36±4 33+3 21±3
2 21±3 42+3 31±3 55+4
5 21±9 51±5 37+9 55±4
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Table 3-3. Compounds Metabolized by P4502E1
Compound metabolised
Alcohols
Ethanol, propanol, butanol, pentanol. 
Nitrosamines
N-nitrosodimethylamine 
N-nitrosodiethylamine 
N-nitrosopvrrolidine 
N-nitroso-2,6-dimethylmorpholine 
N-nitrosomethylethylamine 
Halogenated allcanes 
CCI4 
CHCI3 
Halothane 
Aromatics 
Benzene 
p-Nitrophenol 
Phenol 
Aniline
Acetaminophen (paracetamol) 
Allcanes, ethers and ketones 
Pentane 
Acetone 
Diethyl ether 
Heterocyclics 
Nicotine 
Pyrazole
(From Koop 1986.)
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Figure 3-1. Total cytochrome P450 of liver of fasted and fed rats after acute ether 
anaesthesia.
Results are means ± S.E.M. expressed as nmol P450/mg protein, for 6 rats fed (x — x) 
or fasted (A —  A) with no ether anaesthesia, and for four rats fed (x— x) or fasted (A — 
A) at 0,0.5 and 2 hours after ether anaesthesia; S.E.M. values are indicated by bars.
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Figure 3-2. Cytochrome P4501 of liver of fasted and fed rats afte 
acute ether anaesthesia
Results are means ± S.E.M. expressed as EROD activity (pmol product/mg 
protein per min), for six rats fed (x —  x) or fasted (A —  A) with no ether 
anaesthesia, and for four rats fed (x— x) or fasted (A —  A) at 0, 0.5 and 2 hours 
after ether anaesthesia; S.E.M. values are indicated by bars.
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Figure 3-3. Cytochrome P4502B of liver of fasted and fed rats after acute ether 
anaesthesia.
Results are means ± S.E.M. expressed as PROD activity (pmol product/mg protein 
per min), for six rats fed (x —  x) or fasted (A — A) with no ether anaesthesia, and for 
four rats fed (x—  x) or fasted (A —  A) at 0, 0.5 and 2 hours after ether anaesthesia; 
S.E.M. values are indicated by bars.
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Figure 3-4. Cytochrome P4502E1 of liver of fasted and fed rats after acute ether
anaesthesia. .
Results are means ± S.E.M. expressed as 4-nitrophenol hydroxylase activity (nmol 
product/mg protein per min), for six rats fed (x •— x) or fasted (A —  A) with no ether 
anaesthesia, and for four rats fed (x— x) or fasted (A —  A) at 0, 0.5 and 2 hours after 
ether anaesthesia; S.E.M. values are indicated by bars.
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Figure 3-5. Revertant colonies of Salmonella TA 1530 mutated by different doses 
of nitrosopyrrolidine.
Liver microsomes from fed rats (À—A), fed anaesthetized rats ( I   ■ ), fasted rats
( □ —  □ ), and fasted anaesthetized rats ( ▲ —  A  ).
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Figure 3-6. Revertant colonies of Salmonella TA 1530 mutated by different doses 
of nitrosopyrrolidine.
Kidnev microsomes from fed rats (A—A), fed anaesthetized rats ( I  ■ ), fasted 
rats ( □ —  □ ), and fasted anaesthetized rats ( A —  A ).
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Figure 3-7. Immunoblot analysis of solubilized microsomes from control cytochrome 
P4502E1 induced by isoniazid and different pretreated rat livers employing anti­
cytochrome P4502E1 monoclonal antibody. Protein samples were resolved by 10% 
(w/v) SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) and 
transferred electrophoretically to nitrocellulose. The immunoblot was earned out with 
rabbit-anti-cytochrome P4502E1 antibody (diluted 1:5, 000) followed by peroxidase 
labelled sheep-anti-rabbit IgG (diluted 1:2,000). Solubilized microsomes were loaded as 
follows: lane 1: hepatic microsome (60 Jig) of fed rat; lane 2: P4502E1 protein (30 p.g) 
induced by isoniazid; lane 3: hepatic microsome (60 jig) of fed rat anaesthetized with 
ether; lane 4: hepatic microsome (60 jig) of fasted rat; lane 5: hepatic microsome (60 Jig) 
of fasted rat anaesthetized with ether.
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Figure 3-8. Immunoblot analysis of solubilized microsomes from control cytochrome 
P4502E1 induced by isoniazid and different pretreated rat kidneys employing anti­
cytochrome P4502E1 monoclonal antibody. Protein samples were resolved by 10% 
(w/v) SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) and 
transferred electrophoretically to nitrocellulose. The immunoblot was earned out with 
rabbit-anti-cytochrome P4502E1 antibody (diluted 1:5, 000) followed by peroxidase 
labelled sheep-anti-rabbit IgG (diluted 1:2,000). Solubilized microsomes were loaded as 
follows: lane 1: renal microsome (60 jig) of fed rat; lane 2: P4502E1 protein (30 Jig) 
induced by isoniazid; lane 3: renal microsome (60 jig) of fed rat anaesthetized with ether; 
lane 4: renal microsome (60 jig) of fasted rat; lane 5: renal microsome (60 Jig) of fasted 
rat anaesthetized with ether.
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Fasting Ether anaesthesia
Depletion of GSH, 
NADPH, etc.
Induction of P4502E1
02
Reactive Oxygen Species
Oxidative Stress
Y
Lipid Peroxidation of Membranes — Destruction of
P4501, P4502B, etc.
Cell death, Tissue necrosis
Liver Failure, Kidney Failure
Surgical Fatalities
Figure 3-9. The mechanism of oxidative stress tissue injury produced by P4502E1 
induced by fasting and ether anaesthesia.
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Chapter 4 
The Effect of Dosage of Ether on 
Oxidative Stress in Rats
Introduction
Post-anaesthetic hepatotoxicity was recognized soon after the introduction of ether and 
chloroform anaesthesia to the clinic (Guadagni 1978). This toxic phenomenon, 
associated with anaesthesia, has been widely studied, and it was assumed that the liver 
injury induced by anaesthetic, such as diethyl ether and chloroform was related to the 
dose of the anaesthetic used and to the patient’s nutritional status (Bourne, 1936). 
Evidence indicated that the rate of morbidity due to liver injury in malnourished patients 
undergoing surgery was greater, hence, the surgical risk was related to patient’s 
nutritional status, and post-surgical mortality paralleled the duration of the procedure, i.e. 
the dose of anaesthetic administered.
Further investigation has demonstrated that some anaesthetics, e.g. diethyl ether and 
halothane are metabolised by the mixed-function monooxygenase enzyme system, and 
result in the induction of one isoform of these enzymes, namely, cytochrome P4502E1 
(Brady et al. 1988). This P450 isoform is normally in the high-spin state and has a high 
oxygen consumption (Ingelman-Sundberg et al. 1988, Tindberg & Ingelman-Sundberg
1989), resulting in a respiratory burst to produce reactive oxygen species (ROS). The 
importance of nutritional factors is that many major cellular antioxidant systems depend 
on exogenous supplies, e.g., vitamins C and E, which in some species, including 
human, cannot be synthesized, or these nutritional factors supply components for the 
endogenous synthesis of vital enzymes and coenzymes, e.g. glycine and cysteine or 
NADPH for synthesis of GSH (Casini et a l  1985, Jaeschke 1990). Other recent studies 
indicate that regulation of cytochrome P450-dependent monooxygenase activities are 
decided by selective induction of these enzymes by various nutritional factors. It is also 
well known that lipid peroxidation is associated with inactivation of cytochrome P450 
(Jaeschke et al. 1987) due, mainly, to membrane degradation by ROS, particularly 
hydroxyl radicals (Davies 1987, Manno et al. 1992).
However, few studies have been made on the effects of dosage of anaesthetic (s) on 
hepatic function, although it has long been known that the duration of surgery is
ütivcnity
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important in deciding the patient outcome, and a limit of operative procedure of 30 
minutes was common practice half a century ago (Bishop 1961).
In the first of the present experiments (Chapter 2) it has been demonstrated that fasting 
together with ether anaesthesia caused lipid peroxidation, measured as thiobarbituric acid- 
reactive materials (TEAR), and by loss of cytochrome P450 enzymes, with increased 
production of ROS, monitored by chemiluminescence (CL), in hepatic and renal tissues. 
In the second experiments (Chapter 3) the mechanism of increased production of ROS 
after exposure of fasted rats to ether, was found to be due, at least in part, to P4502E1 
induced by both fasting (acetone) and ether. Oxidative stress results from increased 
production of ROS, and decreased capacity of tissue antioxidants (Cacini et al. 1985, 
Barsacchi et al. 1984). The objective of the present study is to elucidate the mechanisms 
of hepatotoxicity caused by expose to diethyl ether and fasting, also to demonstrate the 
effects of different doses of diethyl ether on glutathione depletion, lipid peroxidation, 
loss of cytochrome P450 enzymes, and changes in tissue radical-trapping activity (RTA).
Materials and Methods 
Chemical materials
NADPH, ascorbate oxidase, glutathione, glutathione reductase, glucose oxidase, 
catalase, linoliec acid, and 5,5'-dithio-bis-(2-nitrobenzoic acid) (Sigma Chemical Co., 
London), diethyl ether (Pronalysis grade, May and Baker, Dagenham, Essex), and 
2',2'-azo-bis-(2-amidinopropane) (Polysiences Inc., Warrington, PA) were purchased. 
All other chemicals were of the highest purity obtainable, as described in Chapters 2, and 
3.
Methods
Determination of cytochrome P450 enzymes
Total cytochrome P450, and the inducible activities of P4501, P4502B, P4502E1 
were determined as previously described in Chapter 3.
Determination of radical trapping activity (RTA) using the oxygen 
electrode
The oxygen electrode has been widely used in biochemical laboratories to monitor an 
electrical current which is proportional to the concentration of oxygen in the medium, in 
which the electrode is placed (Beechey and Ribbons 1972). More detail about RTA is 
described in Chapter 5.
Measurement of total glutathione (total GS) in the liver
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Total glutathione is conveniently assayed by an enzymic recycling procedure in which 
GSSG is reduced to GSH by NADPH in the presence of glutathione reductase, and 
reduced GSH is sequentially oxidized by 5,5'-dithiobis-(2-nitrobezoic acid) (DTNB) and 
2-nitro-5-thiobenzoic acid is formed (Tietze 1969, Griffith 1980). The extent or rate of 2- 
nitro-5-thiobenzoic acid formation is monitored at 412 nm and total glutathione (GSH + 
GSSG) present is evaluated by comparison of that result with a standard curve.
The assay for total glutathione was carried out under conditions similar to those 
described by Griffith (1980). Three stock solutions were made up in buffer (125 mM 
Na-phosphate, 6.3 mM Na-EDTA, adjusted to pH 7.5) as follows: (1) 0.3 mM NADPH, 
(II) 6 mM DTNB, and (III) glutathione reductase, approximately 50 units/ml. To 
determine total glutathione, i.e. GSH + GSSG, 700 |il of solution (I), 100 \i\ of solution 
(II), and sample plus water to give a final volume of 1.0 ml were mixed in a cuvette with 
a 1-cm light path and equilibrated to 30oC. Solution (III) (10 fil) was added to the 
warmed solution and the A 412 was monitored continuously until it exceeded 2.0. Total 
glutathione content of the aliquot assayed was determined by comparison of the rate 
observed to a standard curve generated with known amounts of glutathione.
Measurement of total glutathione
Pippette into the cuvette Concentration in assay mixture
NADPH/buffer solution 700 |il NADPH 0.2 mM
Phosphate 100 mM
EDTA 5 mM
DTNB solution 100 ill DTNB 0.6 mM
Sample (or standard 5 pi)
+ water 200 pi containing GSH + GSSG up to 4 pmol/1
Cap cuvette with stopper or parafilm and mix throughly; place in bath
or thermostatted cuvette holder until temperature is stable (about 4 min)
Glutathione reductase solution (50 units/ml) 10 pi
Mixed as before, immediately place in spectrophotometer and monitor
A 412: use A A / At for calculation (time in min).
The procedure is rapid in comparison to chromatographic techniques and exquisitely 
sensitive (10"14 mol of GSH) is detectable with a modified version of the assay. The 
specificity of the assay is controlled by the very high specificity of glutathione reductase 
(Tietze 1969).
Measurement of thiobarbituric acid-reactive materials
80
Thiobarbituric acid-reactive materials were determined as previously described in 
Chapters.
Measurement of protein
Protein concentration was determined by the method of Lowry et al. (1951).
Animals
Male Wistar-albino rats were supported by the University of Surrey. The rats, 
weighing 258-327 g (289 ± 27) were randomized into the following groups. Three rats 
were fed with Spratts Laboratory Animal Diet No.l, Betchworth, UK ad lib and without 
anaesthesia, served as fed controls. Another 9 fed rats were divided into 3 groups of 3 
rats each, and anaesthetized with diethyl ether for 5, 15, 30 minutes, respectively. In 
fasting animals, 3 rats were fasted for 24 hours of the pre-experimental day and drinking 
water ad lib; and without anaesthesia, served as fasting-controls. Another 9 fasted rats 
were divided into 3 groups of 3 rats each, and anaesthetized with diethyl ether for 5,15, 
30 minutes, respectively.
Group rats fed or fasted with or without ether
1 3 fed without ether as fed control
2 3 fed with ether for 5 minutes
3 3 fed with ether for 15 minutes
4 3 fed with ether for 30 minutes
5 3 fasted without ether as fasted control
6 3 fasted with ether for 5 minutes
7 3 fasted with ether for 15 minutes
8 3 fasted with ether for 30 minutes
Procedure of ether anaesthesia
The rats in the six anaesthetised experimental groups were placed in a closed jar in 
which the ether concentration was for anaesthesia at a dose level of approx. 5 g/kg 
(Wollman and Smith 1975). After the rats lost their right reflect in unconsciousness 
(about 2 minutes after exposure to ether), they were anaesthetized for further 5,15, and 
30 minutes in narcosis in the anaesthetic jar as the design. The rats were then killed and 
the liver and kidney were removed to prepare the microsomes for biochemical 
determinations as described.
Preparation of microsomes
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Preparation of microsomes was as previously described in Chapter 2 (loannides and 
Parke 1975).
Statistical analysis
Data presented in this experiment are expressed as means ± S.E.M.. Analysis of 
variance and paired Student's t test were used to test for the effect of diethyl ether dosage 
on the measurements of total GS, RTA, and TEAR in the liver and kidney. The linear 
regression equations and correlation coefficients between variances or variances to 
anaesthesia time-courses were analyzed, and * P<0.05, ** PcO.Ol, ***P<0.001.
Results
(1) Effects of ether dosage on cytochrome P450 patterns: After exposure to ether for 5 
minutes, the cytochrome P4502E1 in fed liver increased to 133% of control value, but in 
contrast, the activities of P4501, P4502B and total P450 decreased by 20%, 10% and 
32%, respectively. After 30 minutes exposure to ether, the P4502E1 was 117% of 
control value, and P4501, P4502B, and total P450 were 56%, 62% and 55% of the 
control values (Table 4-1, Figure 4-1A).
In the non-anaesthetised control rats fasted for 24 hours, liver cytochrome P4502E1, 
P4501, and total P450 were increased to 133%, 111% and 140% of fed control values, 
but P4502B was decreased by 10%. After exposure of ether for 5 minutes, the activity of 
P4502E1 increased to 130% of fasting control value and to 170% of fed control value. 
On the contrary, the activities of P4501, P4502B, and total P450 decreased by 60%, 
30%, and 70% of fasting control values. After anaesthesia with ether for 30 minutes, the 
activity of P4502E1 was 97% of fasting control value and 130% of fed control value, but 
the activities of P4501, P4502B, and total P450 were 22%, 70% and 17% of fasting 
control values, and 24%, 65%, and 25% of fed control values (Figure 4-1B). The results 
in the kidney were similar to the results in the liver (Table 4-1).
(2) Effects of ether dosage on oxidative stress: The liver of rats fasted for 24 hours pre- 
expeiimentally showed a significant depleted nearly half of the total GS and 55% of RTA 
compared with the values of the rats maintained on standard laboratory diet, together with 
more increase of lipid peroxidation monitored by TEAR than the changes in fed rats 
(Table 4-2). The lipid peroxidation was developed with time courses of anaesthesia, and 
the most significant increases of TEAR after 30 minutes of anaesthesia with diethyl ether 
were 35-fold in fed rats and 60-fold in fasted rats, greater than the control values, in 
parallel with the decrease by 60% and 85% in total GS, and by decreases of 55% and 
80% of RTA in the fed rats and fasted rats, respectively (Figure 4-2).
Similarly, after 24 hours fasting the concentration of total GS and RTA in kidney 
were decreased by 53%, and 63%, associated with an increase of TEAR to 2.7-fold the
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value of fed rats. After anaesthesia with ether for 30 minutes, total GS and RTA 
decreased by 60% and 75%, associated with an increase of TEAR of 23-fold, in the fed 
rats. More severe insults were found in the fasted rats after 30 minutes anaesthesia that 
the concentration of total GS and RTA-decreased by 80% and 85%, associated with 43- 
fold increase of TEAR (Table 4-2, Figure 4-3).
(3) C orrelation between total GS and TEAR: The regression equations and 
correlation coefficients between total GS and TEAR were calculated, and are as follows:
fed liver, Y=5.62 - 1.36X, r=-0.95, P<0.05; 
fasted liver, Y=8.41 - 3.73X, r=-0.97, PcO.Ol; 
fed kidney, Y=5.67 - 4.7IX, r=-0.97, PcO.Ol; 
fasted kidney, Y=8.67 - 14.26X, r=-0.98, PcO.OOl.
(Linear regression equation is Y=a + bX, 'X' represents total GS, 'Y' 
represents TEAR, Y is correlation coefficient and 'P  is significance)
From above results, it is indicated that in the fasted groups the relationship between 
total GS and TEAR was more significant (PcO.Ol in liver and PcO.OOl in kidney) than 
that in fed groups (Pc0.05 in liver and PcO.Ol in kidney). This mean when the total GS 
was depleted with fasting, the lipid peroxidation was more serious.
(4) Effects of e ther on cytochrom e P450 in vitro : The changes of total 
cytochrome P450 activity using incubation of hepatic microsome with different dosages 
of diethyl ether in vitro study were obtained. 200 pi of a hepatic microsome (25%) was 
added into both cuvettes diluted 10-fold (2,000 pi total) with 0.1 M phosphate buffer, 
pH7.4. A few granules of sodium dithionite were added to each cuvette. After mixing, 
increasing amounts of diethyl ether (10, 30, 50 pi) were added in one of cuvettes, and 
CO was bubbled through it for approximately 30 seconds. A different spectra were 
obtained between 390 and 500 nm, and total cytochrome P450 activity was expressed as 
the difference in optical density between 450 and 490 nm (Figure 4-4).
D iscussion
Oxidative stress and tissue in jury  parallel duration of anaesthesia
Nutritional factors not only affected the tissue antioxidative capacity by its content of 
GSH, vitamins C and E, etc., but also regulate the cytochrome P450 enzyme activities, 
particularly the activity of P4502E1, which is responsible for the production of reactive 
oxygen species and enhancement of lipid peroxidation, and for loss of other P450 
enzymes (Hildebrandt and Roots 1975, Jaeschke 1990). In animals starved for 24 hours 
lipid peroxidation developed earlier and cytochrome P4502E1 activation was accelerated, 
and an extent greater than in animals fed standard laboratory diet (Liu et al. 1991). These 
data indicate that anaesthetic toxicity was increased by loss of total GS in parallel with 
lipid peroxidation (Cacini et al. 1985).
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Data obtained in this study demonstrate that ether anaesthesia is a critical event in both 
fed and fasted rats due to progressive depletion of endogenous antioxidants and increase 
in lipid peroxidation. The total cytochrome P450 activities, both in liver and kidney, were 
markedly decreased in parallel with the loss of total GS and RTA, especially in the fasted 
rats. Total GS and RTA values in fed rat liver were 39%, and 56% of control values after 
anaesthesia with ether for 30 minutes (PcO.Ol between total GS (RTA) and anaesthesia 
time course). In parallel, total P450 activity was 56% of control value, and TEAR was 
increased 35-fold after anaesthesia with ether for 30 minutes in fed rat liver. In fasted rat 
liver, TRAP was 18% of control value, total GS was 15% of control value, there was a 
83% loss of total P450 and a 64-fold increase of TEAR after 30 minutes of ether 
anaesthesia (Table 4-1, 2; Figure 4-2). The marked loss of total cytochrome P450 
represents hepatic dysfunction, as a marker of membrane damage, and in the metabolism 
of environmental chemicals (Watt & Dickinson 1990). The dramatic increase of TEAR 
indicates the destruction of the cell membrane (Maellaro et ai. 1990), manifested as an 
increase in serum transaminases, for example, serum glutamic-pyruvic transaminase 
(SGPT).
The effect of fasting is more pronounced on both the loss of total GS and the increase 
in lipid peroxidation, correlations between depletion of total GS and increase of TEAR 
were PcO.Ol in the fasted rat liver. PcO.OOl in the fasted rat kidnev, but only Pc0.05 in 
fed rat liver. PcO.Ol in fed rat kidnev. Ether-induced hepatotoxicity in rats in vivo results 
in an unequivocal positive dose-response relationships of lipid peroxidation, and negative 
dose-response relationships of depletion of hepatic total GS and loss of total cytochrome 
P450. These acute rat studies readily explain the dose-dependent ether hepatotoxicity and 
the exacerbating effects of malnutrition in clinic. It is therefore important, in third world 
countries where ether is still used as an anaesthetics, to shorten the operative procedure to 
decrease oxidative stress and thus avoid the hepatic and renal necrosis seen in fatalities 
following prolonged anaesthesia. The ether-induced hepatic dysfunction should be 
largely avoidable of the patient is protected by increases in total GS, tocopherols, etc. 
prior to anaesthesia, by correcting nutritional deficiencies.
Oxidative stress and cytochrome P450
Active turnover of the cytochrome P450 system during mixed function oxidation 
involves the production of activated oxygen species (Ingelman-Sundberg et a l  1988, 
Tindberg & Ingelman-Sundberg 1989). Either superoxide anion or its dismutation 
products, or hydrogen peroxide, both of which have been shown to be generated by the 
cytochrome P450 system in the presence of suitable substrate, are the species responsible 
for the peroxidative attack on membrane lipids after the GSH-peroxidase defence 
mechanism is depleted. The oxidative stress imposed by the formation of superoxide
8 4
anion and hydrogen peroxide, as a consequence of the metabolism of the diethyl ether 
(Brady et al. 1988) may play a role in the initiation of lipid peroxidation under fasting 
conditions (Hong et al. 1987). This leads to the concept that interaction of the cytochrome 
P450 system with some drugs may cause liver injury provided that the- GSH level has been 
considerably lowered. It is possible that the oxidative stress associated with these oxygen- 
dependent metabolic pathways is responsible for the hepatic lipid peroxidation seen when 
the antioxidant defences are compromised by significant loss of GSH.
The data obtained in the present studies indicate that a marked increase of cytochrome 
P4502E1 occurred after 5 minutes of ether anaesthesia, whereas the marked increase of 
TEAR and decrease of GSH occurred after 30 minutes of anaesthesia. This indicates that the 
reactive oxygen species formed by the enhanced activity of cytochrome P4502E1 were a 
prerequisite for oxidative stress tissue injury. In the oxidative stress situation, GSH is 
oxidized continuously by reactive oxygen species (Cacini et al. 1985, Maellaro et al. 1990). 
When the depletion of GSH reaches critical levels, reactive oxygen species accumulate in 
parallel with the peroxidation of cellular lipids; this is accompanied by the loss of 
cytochrome P450 enzymes, due to the degradation of proteins and intracellular membranes 
(Mori et al. 1991, Manno et al. 1992, Liu et al. 1991).
In the in vitro study (Figure 4-4) it is seen that the monooxygenase activities were 
slightly decreased, in parallel with the increased doses of diethyl ether. The results imply 
that the loss of total cytochrome P450 due to ligand binding of diethyl ether to cytochrome 
P450 is negligible; most is probably due to peroxidation of the microsomes, since it is 
known that lipid peroxidation inactivates the of cytochrome P450 enzymes (Mori et al. 
1991, Manno et al. 1992).
Glutathione - a major antioxidant defence against ROS
GSH can reactivate certain enzymes that have been inactivated by exposure to high 
oxygen concentrations (Barsacchi et al. 1984, Maellaro et al. 1990). Presumably, the 
oxygen causes oxidation of essential SH groups of the enzyme, which are regenerated on 
incubation with GSH. GSH is a cofactor for several enzymes in widely different situations, 
e.g. prostaglandin endoperoxide isomerase, and enzymes involved in the synthesis of 
thyroid hormones.
Glutathione (GSH) is synthesized from its constituent amino acids by the sequential 
action of two ATP-dependent enzymes, namely, glutathione synthetase. Intracellular 
oxidized glutathione (GSSG) is reduced to GSH by glutathione reductase, a NADPH- 
dependent enzyme. The many metabolic, regulatory and protective functions o f glutathione 
have been reviewed by Jaeschke (1990). Supplying metabolic precursors of glutathione can 
raise the GSH content of some tissues, and may protect against oxidative stress tissue injury 
(Stein etal. 1990). Otherwise, during malnutrition or fasting,
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glutathione and its precursons are depleted and oxidative stress and tissue injury would 
be enhanced (Maellaro et al. 1990).
GSH is an important endogenous defence against oxidative stress, and is a defence 
against the peroxidative destruction of cellular membranes by its neutralisation of reactive 
oxygen species, such as H202, or by the reduction of lipid peroxides (Casini et al. 1990, 
Jaeschke 1990). In studies on drug-induced liver necrosis in animals using different 
models, it was demonstrated by Casini et al. (1990) that the cultures of hepatocytes the drug- 
induced depletion of GSH is followed by lipid peroxidation and liver cell death. 
Enhanced susceptibility to lipid peroxidation has also been observed in liver homogenates 
from animals similarly depleted of hepatic GSH. A number of xenobiotics, including 
most of anaesthetics, form conjugates with hepatic glutathione, and both diethyl ether and 
fasting caused a progressive decrease of glutathione contents of liver and kidney.
Under critical low GSH levels the cells are more susceptible to the development of lipid 
peroxidation. The microsomal membrane is particularly susceptible to attack by reactive 
oxygen species because of the high degree of unsaturation of the membrane fatty acids.
The depletion of the glutathione content of liver and kidney was probably more 
responsible for the lipid peroxidation than the induction of cytochrome P4502E1, as 
when there is abundant GSH in the liver, the hepatic GSH peroxidase is able to remove 
hydrogen peroxide and organic peroxides in the cell compartments where catalase is 
absent (Maellaro et al. 1990, Jaeschke 1990).
The hepatic GSH content seems to be a critical parameter in the manifestation of 
chemical toxicity. Animals fasted for 24 hours, which results in a marked loss of liver 
GSH content, exhibited more serious lipid peroxidation after ether anaesthesia. The 
anaesthetic period-dependence of oxidative stress effects indicated that the dramatic 
decrease of the GSH represented an early response to oxidative stress tissue injury and 
suggests that it is a prerequisite to chemical toxicity, as proposed by Casini et al. (1990).
The monitoring of oxidative stress by measuring tissue total GS and RTA
Development of safer surgery depends upon a greater understanding of the 
pathological mechanism(s) of surgical trauma, multiple organ failure, oxidative stress and 
of the sources of reactive oxygen species, the causes of oxidative stress tissue injury, and 
the protection of tissue antioxidants. The monitoring of oxidative stress is difficult due to 
the short half-life, low concentration and ready reactivation of ROS. Much attention is 
being focused on the development of new methods and techniques.for monitoring the 
generation and presence of reactive oxygen species and for their quantification. In the 
accelerating evolution of modem technology, even minor improvements may result in 
major new developments.
The monitoring of oxidative stress by measurement of total GS and radical trapping 
activities (RTA) was used in the present study. Since pharmacological intervention
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studies with cell injury as the end-point provide only indirect evidence for ROS 
production, Jaeschke et al. (1988) tried to obtain more direct evidence for intracellular 
oxidant stress in liver. The approach was based on the fact that superoxide formation by 
mitochondria, microsomes, xanthine oxidase, or other intracellular processes would be 
metabolically detoxicated by the high concentrations of superoxide dismutase in the. 
cytosol. The H202 formed is subsequently reduced to water by glutathione peroxidase, a 
reaction which generates 1 mole of GSSG for each mole of H2O2 detoxified. Normally, 
about 95-97% of GSSG formed intracellularly is immediately reduced back to GSH by 
GSSG reductase (Jaeschke et a l  1988, Sies & Summer 1975). As the reduction of 
GSSG is the rate-limiting step of the glutathione redox cycle, most cell types, particularly 
hepatocytes, have the ability to export GSSG in order to avoid potentially negative effects 
of increased tissue GSSG levels. As studies with the isolated perfused liver have 
demonstrated, about 80% of the exported GSSG is released into the bile and 20% goes 
into the perfusate (Jaeschke et a l  1988, Jaeschke 1990). Thus, any change of 
intracellular reactive oxygen formation can be monitored by the simultaneous 
determination of the hepatic GSH contents and GSSG efflux into bile and blood 
(Jaeschke 1990). This is true not only for normal conditions or oxidative stress but also 
applies in hypoxia.
After the discovery that peroxyl radicals are produced,at known and constant rates by 
the thermal (37°C) decomposition of the certain azo compounds (Barclay et a l  1984, 
Yammamoto et a l  1985), some techniques have been designed to observe the inhibiting 
rates of antioxidants (Niki 1984), and the loss of enzymic activity by the oxidative stress 
produced as a result of azo-decomposition (Lissi et a l  1991), both in vivo and in vitro. 
The experimental approach used to measure the RTA of tissue, e.g. the liver and kidney, 
takes. More detail about RTA is given in Chapter 5.
Conclusion Experiments with fed and fasted rats exposed to diethyl ether 
anaesthesia has provided important information concerning the possible role of oxidative 
stress tissue injury in liver and kidney, that may be involved in surgical trauma and 
multiple organ failure:
(1) long-term anaesthesia is a critical event for both fed and fasted rats, although the liver 
in fed rats has a high antioxidant capacity and can detoxify high levels of intracellular 
oxidative stress.
(2) ROS generated chemically inside hepatocytes is higher (several thousand-fold) than 
under pathophysiological conditions, e.g. during reperfusion alone (Jaeschke 1990).
(3) intracellular oxidative stress injury is seen after damage to the hepatic antioxidant 
defence system, for example, fasting depletes total GS, and there is a stronger correlation 
between depletion of total GS and loss of cytochrome P450 in ether-anaesthetized fasted
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rats than that in the fed ether-anaesthetized rats. A link between loss of GSH and the 
occurrence of liver dysfunction appears to be lipid peroxidation, which is promoted by 
activation of cytochrome P4502E1 induced by the diethyl ether and fasting.
(4) patient nutritional status pre- and post-surgery can be very different, which may 
explain the individual variation in response of patients to the same doses of anaesthetics 
and toxic chemicals. Depletion of GSH by poisoning (bromobenzene, etc.) promoted 
peroxidation of membrane phospholipids and was strongly associated with liver 
dysfunction. A critical decrease in hepatic GSH was generally evident before the onset of 
lipid peroxidation (Barsacchi et a l  1984, Cacini et a l  1985, Maellaro et a l  1990). The 
greater the dosage of ether in anaesthesia, or the greater the duration of anaesthesia, the 
greater the potential of oxidative stress, and the greater the potential oxidative tissue 
injury. This fact may well explain the increased mortality seen to result from lengthy 
operative procedures, particularly in patients of poor nutritional status.
(5) it should be emphasized that long-term anaesthesia isjtoxic and potentially hazardous 
event, so the shorter the period of anaesthesia, the greater in the safety for the patient. 
Pre-operative fasting should be avoided by intravenous perfusion of glucose-saline or 
total parenteral nutrition (TPN). More attention should be given to the choice of 
anaesthetic, and usually, local anaesthesia is safer than general anaesthesia.
The significance of this study extends further the hypothesis that lipid peroxidation, the 
toxicity of anaesthetics and the toxicity of many chemicals may depend on tissue GSH 
depletion and the generation of reactive oxygen species (ROS) for their toxicity.
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Figure 4-1. The effects of the duration of ether anaesthesia on liver cytochrome 
P450s in (A) fed rats, and (B) fasted rats.
The rats were anaesthetized with ether for 5, 15, 30 minutes. The animals were
then killed, and cytochrome P4502E1, P4501, and P4502B were determined on liver 
preparations as described in the text. The results are presented as mean values p f3  rats 
± S E.M. (shown as bars), and are for P4502E1 (A—A), P4502B (x—x), and P4501
( ■  ■ ).
The units of P4502E1, P4502B, and P4501 are nmol nitrocatechol/min per mg 
protein, and pmol resorufin/min per mg protein, respectively.
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Figure 4-2. The effects of the duration of ether anaesthesia on liver oxidative stress 
and the loss of total cytochrome P450, in (A) fed rats and CB1 fasted rats.
The rats were anaesthetized with ether for 5,15, 30 minutes. The animals were 
then killed, and total GS, TBAR, RTA and total cytochrome P450 were determined on 
liver preparations as described in the text. The results are presented as mean values of
3 rats ± S.E.M.(shown as bars), and are for total GS (x—x), TBAR (0— O), RTA
( ■ -----■ ) and total P450 (A—A). The units of total GS, TBAR, and RTA are
jimol/per g tissue; nmol TEP/per mg protein; and 2 x nmol 02/min per mg tissue for 
fasted rat RTA, 5 x nmol 02/min per mg protein for fed rat RTA, respectively.
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Figure 4-3. The effects of the duration of ether anaesthesia on kidney oxidative 
stress and the loss of total cytochrome P450, in (A) fed rats and (B) fasted rats.
The fed rats were anaesthetized with ether for 5, 15, 30 minutes. The animals 
were then killed, and total GS, TEAR, RTA and total cytochrome P450 were 
determined on kidney preparations as described in the text. The results are presented 
as mean values of 3 rats i  S.E.M.(shown as bars), and are for total GS (x x),
TEAR (0— 0), RTA ( I  ■ ) and total P450 (A—A). The units of total GS,
TEAR, and RTA are {imol/per g tissue; nmol TEP/per mg protein; 5 x nmol 02/min 
per mg tissue for fed rat RTA, 1 x nmol 02/min per mg tissue for fasted rat RTA, 
respectively.
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Figure 4-4 The effect of different dosage of diethyl ether on the activity of total 
cytochrome P450 of hepatic microsomes in vitro study. The peak of 3901 is the CO- 
binding spectrum of the total P450 activity without ether. The peak of 4001 (4101,4201) 
is the CO-binding spectrum of total P450 activity after incubating microsome with 10 
(30, 50) pi of diethyl ether.
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Chapter 5
Measurement of GSH and Radical Trapping 
Activity (RTA) in Tissue as the Indicesof Oxidative Stress
Introduction
After several decades of research, it is clear that oxidative stress tissue injury has been 
considered as a major factor in the pathogenesis of many diseases, including ischaemic 
and inflammatory diseases. Oxidative stress tissue injury is due to reactive oxygen 
species, produced in excess of normal physiological levels due to exogenous, (e.g., 
inspiration of high concentration of oxygen or ozone), or endogenous causes, (e.g., 
activated neutrophils or induced cytochrome P4502E1) that result in tissue damage. 
Reactive oxygen species, shown below, comprise the free oxygen radicals, which 
contain one or more unpaired electrons in the outer electron orbital, and reactive oxygen 
molecules.
Superoxide anion radical 
Hydroperoxyl radical 
Hydroxyl radical 
Peroxide radical (R=lipid)
Hydrogen peroxide 
Singlet oxygen 
Ozone
Direct monitoring of reactive oxygen species is difficult due to their high activity and 
consequent short lives. Reactive oxygen species rarely accumulate within tissues at 
concentrations high enough to allow their measurement by conventional 
spectrophotometric techniques. A successful alternative strategy has been employed 
which involves adding an indicator reagent directly to the biological system, allowing it to 
react with ROS as it is formed. For example, the thiobarbituric reaction to measure 
malondialdehyde materials (Preece et a l  1988), luminol-amplified chemiluminescence to 
monitor the production of reactive oxygen species (Dowling et al. 1986), and allcanes to
Reactive oxygen 
species
Free oxygen 
radicals
^Reactive oxygen 
molecules
'02 " '
H02'
OH
ROO
rH202
*02
•03
9 5
detect the low-weight hydrocarbons in the expired air (Preece et al. 1988), are the indices 
for monitoring oxidative stress tissue injury and lipid peroxidation in vivo and in vitro.
On the other hand, depletion of tissue antioxidants, including vitamins C, E, 
glutathione, etc, also exacerbates the oxidative stress tissue injury.
Glutathione is the most important non-protein thiol present in animal cells as well as in 
most plants and bacteria (Barsacchi et al. 1984). It was discovered by E.G. Hopkins in 
1921 and identified as the tripeptide, y-L-glutamyl-L-cysteinyl-glycine, a few years later. 
The interests in research on glutathione has increased markedly during recent years, due 
mainly to the discovery of the involvement of this tripeptide in a number of important cell 
functions, including maintenance of membrane integrity and cytoskeletal organization, 
involvement in protein and DNA synthesis, modulation of protein conformation and 
enzyme activity, and promotion of neurotransmiter release. Other important functions of 
glutathione are related to its role in drug biotransformation (Orrenius and Moldeus 1984). 
Moreover, GSH also serves as a major antioxidant in the detoxication of various 
peroxides and free radicals. These reactions may occur spontaneously, but are usually 
catalysed by glutathione transferases and glutathione peroxidases, respectively. Although 
H2O2 can be metabolized by catalase located in the peroxisomes, glutathione peroxidase 
seems to be responsible for the reduction of H2O2 formed in other cellular compartments 
(Wayner et al. 1987). More recently, GSH and GSSH contents in tissue, especially the 
ratio of GSH/GSSG, have been regarded as the indices of oxidative stress tissue injury 
(Jaeschke et al. 1990, Maellaro et al. 1990).
The metabolism of organic hydroperoxides and H2O2 by glutathione peroxidase is 
associated with glutathione oxidation. The increase in intracellular GSSG concentration is 
most likely due to the increase of production of reactive oxygen species and insufficient 
regeneration of NADPH, and is shown in the following reactions.
LH
NADP"2GSHHoOCyt. P450
NADPH + H"GSSG
Schematic representation of hydroperoxide metabolism by the glutathione peroxidase- 
glutathione reductase system. (1) lipid peroxidation. (2) lipoxygenases. (3) glutathione 
peroxidase. (4) glutathione reductase. (5) pentose phosphate shunt. (6) GSSG 
translocase.
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The oxygen electrode is widely used in biochemical laboratories to monitor processes 
or reactions involving oxygen exchange. Although oxygen electrode techniques have 
been used in chemical and biochemical research for a long time, the use^ of the oxygent '
electrode in quantitative studies regarding oxidative stress tissue injury is recent years is 
due, mainly, to the difficulty in evaluating and controlling the rate of production of free 
radicals. In several model systems employed in the study of free radical-mediated 
processes, the rate of radical production depends on several uncontrolled factors and 
follows a very complex mechanism, as for example, the hydrogen peroxide/ascorbate/ 
Fe/EDTA system. 2,2-Azo-bis-amidinopropane (ABAP) has been proposed as a 
controlled spontaneous source of free radicals (Barclay et al. 1984, Yamamoto et al. 
1985) to initiate free radical processes. This simplifies the kinetic treatment, making it 
possible to carry out studies to establish the relative sensitivity of different membranes 
towards lipid peroxidation, the efficiency of different inhibitors given for protection, 
and/or the rate and locus of attack on a lipid or protein by a well-defined radical. Barclay 
et al. (1984) have shown that peroxidation of aqueous dispersions of oxidisable organic 
compounds can be reproducibly initiated by the thermal decomposition (37°C) of ABAP 
to peroxvl radicals at a known and constant rate. Using different experimental designs 
(Niki 1984, Lissi et a l  1991), the ABAP-reactive system has been employed to study the 
effects of antioxidants on the inhibition of free radicals, or the effect of antioxidants on 
the enzymes inactivated by free radicals.
The aim of the present study was to investigate oxidative stress by measuring the 
radical trapping activity (RTA) and GSH in vivo as the indices of oxidative stress, in 
three experimental animal models, namely, various anaesthetics, different dosages of 
diethyl ether, and ischaemia-reperfusion of liver in rats.
Materials and Methods 
Materials
The materials for measuring RTA, GSH and TEAR were described previously in 
Chapters 3 and 4.
Methods
Measurement of total glutathione (GS) content in the liver
The assay for total glutathione was carried out under conditions similar to those 
described (Tietze 1969). Three working solutions were made up in stock buffer (125 mM 
Na-phosphate, 6.3 mM Na-EDTA, adjusted to pH 7.5) as follows: (1) 0.3 mM NADPH,
(II) 6 mM DTNB, and (HI) approximately 50 units of glutathione reductase/ml. To assay 
for total glutathione, 700 jri of solution (I), 100 |il of solution (II), and sample or water 
to give a final volume of 1.0 ml are mixed in a cuvette with a 1-cm light path and
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equilibrated to 30oQ Solution (III) (10 \i\) is added to the reactive vessel, and the A 412 
nm is monitored continuously until it exceeds 2.0. If samples contain more than 
approximately 0.5 nmol of glutathione, the rate of DTNB reduction is linear throughout, 
generally between values of A of 1.0 and 2.0. Total glutathione content of the aliquot is 
determined by comparison of the rate observed to a standard curve generated with known 
amounts of glutathione.
D eterm ination of oxidized glutathione (GSSG)
The assay is made specific for GSSG by removing any reduced glutathione (GSH) 
present with 2-vinylpyridine. It has been suggested that 2-vinylpyridine does not inhibit 
glutathione reductase and thus excess reagent needs not to be removed (Tietze 1969). 
Acidic solutions must be at least partially neutralized before GSH and 2-vinylpyridine 
will react If a tissue is homogenized in 5 vol. of 1% picric acid and the resulting solution 
is centrifuged, 2-vinylpyridine can be added directly to the protein-free supernatant (2 \i\ 
per 100 pi sample); and the solution mixed vigorously for about 1 minute, the final pH 
will be 7-7.5. The GSH present in solutions of pH>5.5 is readily derivatized by adding 2 
pi of neat 2-vinylpyridine per 100 pi solution, and GSH will be fully derivatized after 20- 
60 minutes at 25°G. Since 2-vinylpyridine is not very soluble in aqueous solutions, much 
of the aliquot added remains as small undissolved globules on the sides of the reaction 
container. This residue does not interfere with subsequent manipulations and serves to 
insure that the solution is saturated with reagent.
Glutathione reductase solution (20 pi, 50 units/ml) was added in the cuvette for assay 
of GSSG. The concentration of 0.1 mmol/1 of glutathione solution was used for the assay 
of the GSH standard; but for assay of the GSSG standard, the glutathione solution was 
used at the concentration of 0.01 mmol/1.
D eterm ination of reduced glutathione (GSH)
The value for reduced GSH was obtained by subtracting twice the value obtained for 
GSSG (1 mol is reduced to 2 GSH) from the value obtaine for total glutathione (GSH + 
GSSG) .
The radical trapping activity (RTA)
Setting up of the equipment: Radical trapping activity was measured with the 
oxygen electrode (Rank Brothers Bottisham, Cambridge, England) dissolved-oxygen 
monitoring system”. The oxygen electrode was prepared by first filling the well with a 
saturated solution of potassium chloride. A lens tissue (1 cm x 1 cm) with a small hole in 
the centre was placed over the platinum cathode and holds the potassium solution in 
place. A piece of polytetrafluoroethane, 1.5 cm by 1.5 cm, was in position over the lens
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tissue with care being taken to ensure that no air bubbles were trapped beneath the film. 
This thinner membrane covering the electrodes allows oxygen to diffuse to the electrodes, 
while preventing other reactions from poisoning them.
The oxygen electrode is mounted on a stirring motor and a magnetic follower was 
placed in the reaction vessel along with 3 ml of phosphate buffer (10 mM, pH 7.4) which 
had been warmed to 37°C, and air-saturated by rotating the magnetic follower before 
inserting the stopper.The stopper was then put in position, so that oxygen from the air 
cannot enter. It is necessary to ensure that no air bubbles are present in the reaction 
vessel. A circulating pump was used to pump water at 37°C around the water-jacketed 
electrode, and all reactions were carried out at 37°C. The reaction vessel was wrapped in 
aluminium foil to protect the reaction vessel from light, as ABAP is also subject to 
photodecomposition, which can cause variations in its rate of thermal decomposition. 
Additional reactants were added to the reaction vessel, with the aid of a syringe via the 
small hole in the stopper, to start the experiment and any change in oxygen uptake was 
recorded during the whole experiment (Figure 5-1).
P reparation  of tissue samples for m easurem ent of RTA: Liver and kidney 
were removed immediately after killing the pretreated animals, wiped free from blood, 
and added to tubes containing 1% w/v aqueous picric acid cooled to 4°C (1 g tissue in 
5.0-10.0 ml 1% picric acid). After homogenising, the homogenate was centrifuged at 10,
000 g for 10 minutes at 4°C, and the supernatant was used to measure both GSH and 
RTA. Every step in this procedure was carried out as rapidly as possible and all 
equipment used was cooled to 4°C to minimize degradation of the antioxidants. 
Calibration of the oxygen electrode: Indirect and direct methods may be used to 
calibration the oxygen electrode. Direct calibration methods are more accurate, and may 
be used to quantity the oxygen concentration in the reaction vessel as follows:
(i) Mitochondrial oxidation of NADH— NADH is quantitatively oxidized by 
mitochondrial preparations from liver or heart.
(ii) Glucose-oxidase-catalase system. This calibration method is simple and accurate. 
Glucose solution (10 pi of glucose 20 mM in 0.1M phosphate buffer, pH 6.0) was added 
to the reaction vessel which contained 3 ml of 0.1 M phosphate buffer (pH 6.0) together 
with at least 120 units of glucose oxidase and 240 units of catalase, and the trace was 
recorded until oxygen consumption ceased. Further 10 pi aliquots of glucose were added 
until the reaction vessel became anaerobic as illustrated in Figure 4-3. The reaction in the
reaction vessel is as follows:
CgH^Og + O2 + H2O Qxid^ £- CgHj^Ov + H2O2 Catalas^y^Q  + 1/2 O2
The glucose solution (10 pi, 20 mM) contains 2 x lO"7 moles glucose, and reacts with
1 x 10"7 moles oxygen, according to the above equation. By means of a gain (sensitivity) 
control, the maximum of the chart record can be set at 100% 02 for the gas-saturated
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buffer, and decreases in 02 due to the action of glucose-glucose oxidase can be measured 
from decreases in the chart record. From the above reaction, the oxygen consumed can be 
accurately calculated, and the oxygen electrode can be quantitatively calibrated (Figure 4- 
3).
M easurement of RTA: Oxygen saturated phosphate buffer (3 ml, 10 mM, pH 7.4) 
containing 10 jimol linoleic acid and 30 |il of 0.4 M ABAP was added to the oxygen 
electrode vessel. Oxygen uptake was monitored at 37°C with the electrode shielded from 
the light until the rate of oxygen uptake had reached a maximum. Hepatic or renal 
supernatant sample (5-40 pi) was added to the reaction vessel and the peroxidative 
reaction was recorded continuously for another 15 minutes. The slopes of maximal 
oxygen uptake, prior to and after addition of the tissue supernatant, were determined. The 
slope 1 of the ABAP-system without the tissue supernatant was calculated from the time 
to the point of intersection with the maximal rate (Figure 5-2); this is the rate of thermal 
decomposition of ABAP to yield peroxyl radicals with linoleic acid. The slope 2 of the 
ABAP-reactive system with the tissue supernatant added, was calculated from the time 
adding the tissue sample to the point of intersection. The value of the slope of the ABAP- 
reaction system without tissue sample, minus the value of ABAP-reaction system with 
tissue sample, is the value of the 02 inhibited by the antioxidants of the tissue sample in 
unit time.
M easurem ent of th iobarbituric acid-reactive m aterials (TEAR)
Measurement of thiobarbituric acid-reactive materials was described in Chapter 3 
previously.
M easurem ent of protein
Protein concentration was determined by the method of Lowry et al. (1951).
Animal preparation
Male Wistar-albino rats, weighing about 250 g, were used in this experiment. The rats 
in group 1 were fed with Spratts Laboratory Animal Diet No.l, Betchworth, UK. The 
rats in Group 2 were fasted for 24 hours of the pre-experimental day, but drinking water 
was allowed ad lib.
In the first experiment, fed rats were used to observe the effects of ketamine, urethane 
and ether on the the changes of RTA and glutathione in liver and kidney, respectively. 
Fed rats were injected 1% of ketamine (10 mg/kg) and 25% urethane (1.25 g/kg) 
intraperitoneally and sacrificed by cervical dislocation after they were in narcosis for 30 
minutes. The livers and kidneys were removed as soon as possible and tissue 
supernatants were prepared.
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In the second experiment the rats were divided into two groups, fed and fasted 
groups. In the fasted group the rats were deprived of food for 24 hours, then 
anaesthetized with diethyl ether in the closed jar, which contained the minimal 
concentration of diethyl ether to maintain the rats in narcosis for 5, 15, and 30 minutes. 
The rats were killed by cervical dislocation at the different times after ether anaesthesia 
and the supernatants of liver and kidney were prepared. The changes of RTA, glutathione 
and thiobarbituric acid reactive-materials were assayed. The procedure in the fed group 
was same as for the fasted group except for the deprivation of the food.
In the ischaemia-reperfusion experiment the changes of RTA and glutathione in liver, 
as the indices of oxidative stress, were measured in the ischaemia-reperfusion tissue. The 
rats were divided into two groups, fed and fasted for 24 hours. After injection of 25% 
urethane (1.25 g/kg) intraperitoneally, PE-50 polyethylene catheters were inserted into 
the carotid artery to monitor blood pressure, and into the jugular vein to infuse saline 
solution. The hilum of the liver was exposed and the blood flow to the left and median 
lobes was arrested by means of a microvascular clamp. After 60 minutes of ischaemia, 
the microvascular clamp was removed and the changes of RTA and glutathione were 
measured after various periods of reperfusion (detail seen Chapter 6).
Statistical analysis
Data presented in this Chapter are expressed as means ± S.E.M.. Analysis of variance 
and paired Student's t test were used to test for the effect of different models on the 
measurements of GSH, RTA, and TEAR. The linear regression equations and correlation 
coefficients between variances were used, and * P<0.05, ** P<0.01, ***P<0.001.
R esu lts
(1) The effect of different anaesthetics on changes of tissue GSH and GSSG and radical-
trapping activity (RTA).
The results of RTA and changes of reduced glutathione concentration are shown in 
Table 5-1. From the results, it was seen that there was no statistically-significance 
differences between the rats anaesthetized with ketamine, or urethane and controls, in the 
changes of RTA, GSSG and GSH concentrations.
(2) Measurement of changes of RTA and TEAR in the oxidative stress induced by
different dosages of diethyl ether.
The results of the changes of RTA, glutathione and TEAR using different dosages of 
ether are shown in Table 5-2. Following the extension of the time of diethyl ether 
anaesthesia, the tissue antioxidant effects were gradually depleted, due in part, to the 
increase of oxidative stress caused by the induction of cytochrome P4502E1 by diethyl
1 0 1
ether and/or acetone (Chapters 2, and 3). Moreover, pre-experimental depletion of the 
antioxidative capacity of tissue by fasting, exacerbated the oxidative stress tissue injury 
by lipid peroxidation.
(3) The changes of RTA and reduced GSH, GSSG in liver after 60 minutes of ischaemia 
followed by 30, 60, and 90 minutes of reperfusion.
The changes of RTA, and glutathione are shown in Table 5-3, in which it is indicated 
that at the end of 60 minutes of ischaemia, tissue antioxidant capacity was decreased by 
40% of RTA, and 20% of GSH in the fed rats, and by 60% of RTA, and by 55% of 
GSH in the fasted rats. This depletion was significantly exacerbated by the 90 minutes of 
reperfusion and decreased RTA by 85%, and GSH by 80% in the fed rats, and decreased 
RTA by 90%, and GSH by 93% in the fasted rats. These indicated that the oxidative 
stress was greater during the period of reperfusion than that during the ischaemic period.
The regression equation between RTA and TEAR for fed rat liver is Y=12.38 - 
1.98X, r=-O.92, P<0.01, and between GSH and TEAR is Y=3.3 - 0.47, r=-0.96, 
PcO.001, and between RTA and GSH is Y=0.49 + 0.22X, r=0.97, P<0.001. The 
regression equation between RTA and TEAR in fasted rat liver is Y—6.97 - 0.89X, r—
0.96, PcO.001, between GSH and TEAR is Y—1.96 - 0.27X, r=-0.96, PcO.001, and 
between RTA and GSH is Y=1.96 - 0.27X, r=0.96, PcO.001. From above results it is 
seen that changes in RTA show good positive correlation with changes of GSH, and 
good negative correlation with changes of TEAR.
D iscussion
The monitoring of oxidative stress tissue injury is difficult because the half-lives of 
reactive oxygen species are very short, the concentration of ROS in tissue is very low, 
and the destructive activity of ROS is very high. Much attention is being focused on 
innovation to develop new methods, but this is a difficult task. In the accelerating 
evolution of modem technology, even minor improvement seems like major events. After 
the discovery of the production of peroxyl radicals at known and constant rates by 
thermal decomposition of azo compounds, such as ABAP (Barclay et al. 1984, 
Yammamoto et al. 1985), experiments were designed to observe the rate of inhibition by 
antioxidants (Niki 1984), and the loss of enzymic activity in oxidative stress caused by 
peroxyl radicals from azo-decomposition (Lissi et al. 1991) both in vivo and in vitro. 
The RTA is the an abbreviation of the radical trapping activity.
Principle of using the oxygen electrode to m easure RTA
The oxygen electrode has been widely used in biochemical laboratories to monitor 
processes or reactions involving oxygen exchange. An oxygen electrode is defined as that
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which produces an electrical current which is proportional to theconcentration of oxygen 
in the medium in which the electrode is placed (Beechey and Ribbons 1972). Commercial 
oxygen electrodes differ considerably in their design, but basically there are three types in 
use: an open electrode, a recessed microelectrode, and a Clark electrode, in which the 
Clark-Rank electrode is one of the most commonly used.
The Clark-Rank membrane oxygen electrode consists of a platinum cathode and silver 
anode in saturated potassium chloride solution (Figure 5-1) (Beechey and Ribbons 
1972). Oxygen is electrolytically reduced as shown in the following reactions; four 
electrons are generated at the anode which are then used to reduce a molecule of oxygen
at the cathode. Anode 4Ag + 4 C l ' 4AgCl + 4e
Cathode 4H+ + 4e + O2 — *“■“ 2H2O
Net 4Ag + 4C1' + 4H+ + 0 2 —^ 4 A g C l + 2H20
AG AgCl KC1 Solution of oxygen Pt
Anode Test solution Cathode
The precise stoicheiometry of the electrode reaction probably depends on the nature of 
the electrode, the applied voltage, and the precise conditions under which the electrode is 
exposed. Operationally, the electrode reaction is not important, but it is vital for constant 
sensitivity that the electrode reaction is consistent throughout any one experiment
(Beechey and Ribbons 1972).
Oxygen can be reduced at a cathode, and this gives rise in solution to a current which
is proportional to oxygen activity, which depending upon approximately equal to oxygen
concentration. For illustration of this situation, Pick's law of diffusion may be expressed
thus:
d 02 dc_
~m—  D dx (i)
Where, = the quantity of oxygen passing through the diffusion layer in unit 
time,
D = the diffusion coefficient of oxygen in the aqueous solution,
22T”* = the concentration gradient in the diffusion layer.
Since the amount of oxygen per unit time reaching the electrode and is reduced, there 
(d 02/dt ) is the source of the electrical current (i ) being measured as following:
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de
z = kD 3 T  (2)
since the magnitude of dcldx is obviously dependent on the oxygen concentration in the 
reaction medium (reaction 1), it can be generalized,
i = kD[02] (3)
(k and D are coefficient factors)
i.g., electrical current produced bv electrode is directly proportional to the oxygen 
concentration (Beechey and Ribbons 1972).
The oxidation of linoleic acid in the azo-reactive system can be represented by the 
following scheme (Niki et al. 1984, Niki 1987).
Initiation
A-N=N-A (l-e)A-A + 2eA' + N2 (4)
A + 0 2 — ^ A O O  (5)
A O O + L H  ^A O O H  + LOO- (6)
Propagation
L O O + L H  ^ L O O H  + L- (7)
L + 0 2  ^L O O - (8)
Termination
2LOO" ^  nonradical products (9)
In this scheme, A-N=N-A is the azo initiator, LH represents linoleic acid, and L* and 
LOO* are alkyl and alkylperoxy radicals generated, respectively. From the above 
propagation reactions of azo-linoleic acid reactive system, it is clear that when lipid 
peroxidation is initiated, the propagation of lipid peroxidation reaction will continue until 
exhaustion of reactive substrates of oxygen and/or linoleic acid.
When initiation of lipid peroxidation is triggered in the azo-linoleic acid system, the 
new chains reaction are started at a constant rate, and the rate of lipid oxidation is given 
by Equation (10),
d[02] KpfLH'l Ri
~ — = RP = 2Kt1/2 (10)
where Ri is the rate of chain initiation, Kp and 2kt are the rate constants for the rate- 
controlling chain propagation (Reaction 7) and termination steps (Reaction 9), 
respectively. The rate constant ratio Kp/(2kt)1/2 is generally referred to as the 
oxidizability of the substrate. The rate of oxidation is followed quantitatively by 
following rate of oxygen uptake, namely, the rate of oxygen uptake parallels the rate_of 
lipid peroxidation.
In the presence of antioxidants, the chains are terminated by Reaction 11 and 12 
instead of Reaction 9, where IH represents the antioxidant and I* is the radical generated 
from the antioxidant by donating a hydrogen atom to chain-propagating free radicals 
(Niki et al. 1984).
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LOO* + M --------------LOOK + 1- (11)
(n-l)LOO* + P —--------nonradical products (12)
From reaction 12 it is clear that antioxidants and/or radical scavengers extinguish the 
lipid peroxidation chain reaction by neutralization of the triggers of chain lipid 
peroxidation. From our work it is demonstrated that the increase of trolox (a water- 
soluble vitamin E) concentration is associated with the decrease of the oxygen uptake (r= 
0.98, PcO.001 between the increase of trolox concentration and reduce of oxygen 
uptake).
The oxygen electrode has been used mainly to follow reactions that involve oxygen 
uptake or oxygen evolution, in long term (weeks or months) or short term experiments. 
In short term experiments many different studies have been designed to monitor, for 
example, the mitochondrial ADP/O ratio, or enzymic inactivity, produced by radicals 
(Lissi et al. 1991), or different antioxidant capacities in vitro (Niki 1987). There are 
several advantages in this electrode process; namely, (i) reaction periods are usually of 
short duration; (ii) multiple additions of substrates and/or inhibitors or effectors can be 
readily made within a single experiment of short duration; (iii) calibration procedures are 
less time consuming, and calculation of results is: dependent on the experiments 
designed; (iv) results are more accurate due to measurement of the oxygen exchange by a 
chemical reaction and not a gaseous exchange, e.g. no affects of gas pressure and volume 
(Beechey and Ribbons 1972).
Modification of RTA: The mechanism of RTA is illustrated in Figure 5-2. In 
plasma or hepatic tissue samples there are vitamins E, and C, GSH, etc. which act as 
antioxidants both in vivo and in vitro by scavenging chain-propagating peroxy radicals. 
In Figure 5-2 the pattern of the oxygen uptake curve in the oxidation of ABAP-linoleic 
acid system (slope 1 in Figure 5-2) is illustrated; after addition of the tissue sample in this 
system the rate of oxygen uptake was suppressed by the endogenous tissue antioxidants 
to inhibit propagation of peroxy radicals (slope 2 in Figure 5-2). When all the 
antioxidants were consumed, the induction period is over and the oxidation proceeds at 
the same rate as in the absence of inhibitors (slope 3 in Figure 5-2). In this Chapter, the 
rates of oxygen uptake prior to and after the induction period are represented as slope 1 
and slope 2, respectively. The rate of oxygen uptake in slope 1 is higher than that in slope 
2  due to the inhibitory effect of antioxidants, and the difference in the rates of oxygen 
uptake prior to. and after, adding the tissue samples was equivalent to the quantity of 
radicals trapped bv the tissue antioxidants. The final unit was nmol 02/min/per mg tissue, 
which indicated the antioxidant capacity per mg tissue in one minute. The advantage of 
the RTA method used in this study is that the results are more precise as (i) the inhibition 
rate (slope 2 ) of each sample has its individual baseline (slope 1), (ii) the method is more 
convenient than the original total radical-trapping antioxidant parameter (TRAP)
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procedure (Barclay et al. 1984, Yamamoto,# al. 1985) as one sample takes only 30-40 
minutes (15 minutes for slope 1, and 15 minutes for slope 2) to quantify, and (iii) it can 
be used to measure the RTA quantity in tissue, for example, liver and kidney.
Previously, the value of total radical-trapping antioxidant parameter (TRAP) was 
determined from the length of time that antioxidants in the sample take to inhibit lipid 
peroxidation. At the end of the induction period by the antioxidants in the biological 
sample, trolox (a water-soluble analogue of vitamin E, 25 |il of 0.4 mM) was added. The 
second induction period by trolox is used to calculate the TRAP values as in Equation 13.
TRAP (nmol 02) = N(trolox) x T plasma /T trolox (13)
The factor of N is 2.0 appears in Eqn. (13) (Barclay et al. 1984) because trolox 
inhibits two peroxyl radicals per molecule. The T sample and T trolox  are the inductive 
times measured from the recorder trace by adding sample and trolox into the reactive 
vessel. The TRAP exp. value is then calculated from Eqn. 14.
TRAP exp = 2.0 [trolox] x T sample /  T trolox (14)
There is no doubt that the development of the TRAP technique is a very important 
advance in the research on oxidative stress since the direct quantification of free radicals 
is hampered by their high reactivity and consequent short lives. Quantitative studies on 
antioxidant protection against free radicals and evaluation of the damage to membranes of 
lipid peroxidation by free radicals, are complex and before the discovery of the TRAP 
technique were fraught with difficulties.The known quantity and constant rate of 
production of free radicals by thermal decomposition of azo compounds has led the way 
to the detection of the antioxidant capacity in tissues.
Although the TRAP technique was used in vitro and in vivo systems to measure the 
plasma and sera of patients with rheumatoid arthritis (Lissi et al. 1991), there are many 
criticisms of the technique. Firstly, the time of adding trolox to the electrode cell must be 
standardised, i.e., when sufficient oxygen concentration is present and when the reaction 
cell is nearly anaerobic. The major limitation of the assay was the excessive time required, 
e.g., approximately 2 hours to run one sample. Increasing the chart speed of the recorder 
only serves to decrease the sensitivity of the response. The importance of the chain- 
breaking antioxidants in biological tissues have therefore remained largely unexplored in 
any quantitative sense. The stoichiometric factor, N, i.e., the number of peroxyl radicals 
trapped by antioxidants, for example, the ascorbate molecule, decreases as the 
concentration of ascorbate increase (Wayner et al. 1986).
Determination of total GS, oxidized GSSG, and reduced GSH:
In the present procedure GSH was determined spectrophotometically by the 5,5’- 
dithiobis-(2-nitrobenzoic acid) method in which 2-nitro-5-thiobenzoic acid is formed. 2-
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Nitro-5-thiobenzoic acid prossesses a absorption at 412 nm, and glutathione is evaluated 
from interpolation of a standard curve. The reaction is as follows:
5,5,-dithiobis-(2-nitrobenzoic acid) 2-nitro-5-thiobenzoic acid
However, determination of GSSG is more difficult than the assay of GSH, due mainly 
to the low concentration of GSSG found in tissues. Any unintentional oxidation of 
endogenous GSH to GSSG during the analytical procedure would cause a larg error in 
estimating tissue GSSG. In the present procedure 4-vinylpyiidine, which is a reagent for 
derivatizing GSH to GS-a-p-(4-pyridylethyl), was utilized to prevent oxidation of GSH 
to GSSG (Tietze 1969, Griffith 1980).Furthermore, 4-vinylpyridine does not inhibit the 
activity of glutathione reductase (Tietze 1969).The detail reaction for determination of 
GSSG is as follows:
p a
CH2-CH2-SG
GSH +
4-vinylpyridine GS-oc—p— (4-pyridylethyl)
GSSG + 2NADPH reductase 2GSH + NADP+
SH GSS
GSH +
5,5'-dithiobis-(2-nitrobenzoic acid) 2-nitro-5-thiobenzoic acid
The value for reduced GSH was obtained by subtracting twice the value obtained for 
GSSG (1 mol is reduced to 2 GSH) from the value obtained for total glutathione (GSH + 
GSSG) .
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The procedure is rapid in comparison to chromatographic techniques and exquisitely 
sensitive (10' 14 mol of GSH) is detectable with a modified version of the assay. The 
specificity of the assay is controlled by the very high specificity of glutathione reductase 
(Tietze 1969).
Correlative coefficients between RTA and changes of GSH and TEAR:
As supportive evidence for the assessment of the lipid peroxidation effects of 
anaesthetics, fasting, ischaemia and reperfusion on changes in hepatic GSH and TEAR, 
the ABAP-reactive system in the presence of these samples was studied. The results are 
shown in Tables 5-1, 2, and 3; and Figures 5-4 to 13. As described above, in the 
absence of an inhibitor, oxidation proceeds smoothly without any induction period. The 
addition of tissue samples from fed or fasted rats suppressed the oxidation and gave a 
clear induction period. The tissue samples from fed rats gave a slower rate of oxidation 
during the induction period than did samples from fasted rats, apparently because of the 
higher concentration of antioxidants in the tissues from fed rats than were present in the 
tissues from fasted rats.
In present study, three models of oxidative stress in liver or kidney tissues have been 
used to assess changes in the major endogenous antioxidants, namely, GSH and RTA. 
Glutathione serves as a co-substrate for glutathione peroxidase, the major defence system 
of the cell against hydrogen peroxide and lipid hydroperoxides found in the cytosol and 
in mitochondria. Due to high activity of GSH in the liver, GSH can detoxify H202 very 
effectively, however, its efficacy is dependent on the availability of intracellular GSH and 
the ability of the cell to re-reduce oxidized glutathione. A number of hepatotoxins, 
including diethyl ether, interact with hepatic glutathione to produce extensive GSH 
depletion followed by the appearance of cellular damage. Rats exposed to diethyl ether 
acutely result in the induction of the cytochrome P450 monooxygenase system, especially 
P4502E1 (Chapters 2, 3 and 4). From our data, it is seen that starvation decreased 
hepatic GSH and RTA by about 50% compared with fed animals, and lipid peroxidation 
also developed to a greater extent than in fed animals. After the GSH concentration has 
reached a critical value, lipid peroxidation and tissue damage develop. If a tissue is 
exposed to a large flux of hydrogen peroxide and/or hydroxyl radicals, the GSH/GSSG 
ratio cannot be maintained at its normal high value and GSSG will accumulate. GSSG 
acts as an index of oxidative stress, as hepatic GSSG formation is a sensitive indicator of 
oxidative stress during normoxia and hypoxia (Jaeschke 1990, Jaeschke & Farhood
1991).
Enzyme-SH + GSSG-v 
(active)
^Enzyme-S-S-G + GSH 
(inactive)
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More than 95% of the intracellular glutathione pool in hepatocytes is kept in the 
reduced form. The accumulation of oxidized glutathione is prevented under normal 
physiological conditions by the fast reduction back to glutathione via glutathione 
reductase and the ability of the hepatocyte capability to transport GSSG out of the cells 
into bile and plasma. Under condition of intracellular oxidative stress, the formation of 
GSSG and the GSSG efflux from the liver can increase by several orders of magnitude. 
Therefore the increased biliary and plasma efflux of GSSG has been used extensively as 
a sensitive index of chemically-induced oxidative stress. GSSG formation in plasma has 
also been used to detect and quantify reactive oxygen formation during re-oxygenation 
after hepatic ischaemia. In our study there was not a great increase of efflux of GSSG in 
the hepatocytes during the reperfusion after hepatic ischaemia, which may be due to the 
intracellular protection against the accumulation of GSSG.
In the ischaemia-reperfusion investigation, there is no marked decrease of GSH and 
RTA during ischaemia, which suggested that there is no marked increase in reactive 
oxygen generated intracellularly. However, during reperfusion there was a significant 
increase of reactive oxygen species formed intracellularly and this lasted for all 90 
minutes of reperfusion. These results showed that cellular injury is the result of 
intracellular reactive oxygen formation during reperfusion rather than during the period of 
ischaemia.
From the above results it is demonstrated that changes of RTA show good positive 
correlation with the changes of GSH, and good negative correlation with the changes of 
TEAR (Figure 4-13). Therefore, both the changes of RTA and GSH should be as 
sensitive indices of oxidative stress tissue injury in vivo.
Taken together, the effects of diethyl ether and ischaemia-reperfusion on oxidative
stress have demonstrated that (1) GSH is the dominant intracellular antioxidant to protect
cells against oxidative stress injury, resulting from certain drug metabolites or ischaemia-
reperfusion. (2) Nutritional factors exert profound influences upon oxidative stress, and
depletion of GSH by starvation results in enhancement of lipid peroxidation. (3)
Following the period of reperfusion after hepatic ischaemia, the depletion of GSH and
RTA decreased significantly, in parallel with the progression of lipid peroxidation. (4) 
From the results of RTA and GSH in different experiments, it has been demonstrated that
tissue GSH shows a positive correlation with RTA values. The parameter of RTA is
same sensitive to changes in tissue GSH concentration, and as RTA is the major
antioxidant capacity of the tissue samples, including GSH, vitamins E, and C, uric acid,
etc., changes in RTA reflect tissue antioxidant capacity more completely than do changes
in GSH.
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Figure 5-1. Diagram of a dismantled Clark-Rank electrode.
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Figure 5-2. Mechanism of RTA and its calculation.
Slope 1 is the oxygen consumption by peroxidation of linoleic acid induced azo 
decomposition. Slope 2 is the oxygen consumption after adding the tissue sample 
containing antioxidants, which inhibit the peroxidation of linoleic acid. Slope 3 is when 
the depletion of antioxidants in the tissue sample has occurred and the oxygen 
consumption returns to the initial rate. Slope 4 is oxygen consumption inhibited by trolox. 
When trolox is exhausted, the rate of linoleic acid peroxidation by induced azo 
decomposition recovers to slope 5.
The rate of oxygen consumption by ABAP-linoleic acid system is: Ratel= A02/At = ab 
(pmol 02)/ac (min) =A (jimol 02/min). Thus "A" of |imol 02 would be consumed by the 
ABAP-linoleic acid system per min.
The rate of oxygen consumption was calculated after adding the sample to the linoleic 
acid ABAP system: Rate2 = A02/At = df/de = B (jimol 02/min).
The value of B will be lower than A due to the inhibition of lipid peroxidation by the 
antioxidants in the sample. So Rate l-Rate2=A-B=C (jimol 02/min) is the decrease in 
oxygen consumption resulting from the antioxidants in the sample.
As the tissue (Y mg) content in the sample is known, C (jimol 02/min) /  Y mg = D 
(jimol 02/min/mg tissue). The result represents that one mg of the tissue would inhibit D 
jimol of oxygen consumption per min. y c ,  VE represent vitamin C and vitamin E.
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Figure 3. The calibration of RTA.
The oxygen amount in full chart is calibrated by glucose oxidase-catalase 
system. The reaction when the glucose solution was added to this systemis is as 
follows:
+ o 2 + H20 Oxidase ^ 6^ 12^7 + H20 2 Catalase^ H 20  + 1/2 0 2
10 fil of 20 mM glucose contains 2 x lO"7 moles glucose which reacts with 1 x 
10"7 moles of oxygen, and 20 fil of 20 mM glucose needs 2 x 10*7 moles 
oxygen=0.2 gmols oxygen. If the 0.2 jimols oxygen occupied 10% of chart, the 
full chart equals 2.0  jimols oxygen.
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Figure 5-4. In fed rats the effects of duration of ether anaesthesia on oxidative stress.
Normal fed rats were anaesthetized with ether for 5,15, 30 min. The animals then were 
killed, and TEAR, RTA were determined on liver preparations as described in the text. The 
results are presented as mean values of 3 rats ± S.E.M., and are shown for TEAR (x—x), 
and RTA (A—A) with S.E.M. values indicated by bars.
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Figure 5-5. In fed rats the effects of duration of ether anaesthesia on kidney oxidative
Fed rats were anaesthetized with ether for 5, 15, 30 min. The animals then were killed, 
and TEAR, RTA were determined on kidney preparations as described in the text. The results 
are presented as mean values of 3 rats ± S.E.M., and are shown for TEAR (x—x), and RTA 
(A—A) with S.E.M. values indicated by bars.
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Figure 5-6. In fasted rats the effects of duration of ether anaesthesia on liver oxidative 
stress.
The rats were fasted for 24 hours then anaesthetized with ether for 5 , 15, 30 min. The 
animals then were killed, and TEAR, RTA were determined on liver preparations as 
described in the text. The results are presented as mean values of 3 rats ± S.E.M., and are 
shown for TEAR (x—x), and RTA (A—A) with S.E.M. values indicated by bars.
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Figure 5-7. In fasted rats the effects of duration of ether anaesthesia on kidney oxidative 
stress.
The rats were fasted for 24 hours, then anaesthetized with ether for 5, 15, 30 min. The 
animals then were killed, and TEAR, RTA were determined on kidney preparations as 
described in the text. The results are presented as mean values of 3 rats ± S.E.M., and are 
shown for TEAR (A—A), and RTA (x—x) with S.E.M. values indicated by bars.
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Figure 5-8. In fed rats the effects of duration of ether anaesthesia on liver antioxidants.
Normal fed rats were anaesthetized with ether for 5,15, 30 min. The animals then were killed, 
and GSH, and RTA were determined on liver preparations as described in the text. The results are 
presented as mean values of 3 rats ± S.E.M., and are shown for GSH (blank square), RTA (blank 
triangle) with S.E.M. shown as bars. The linear regression is Y = -1.22+0.25X, the correlation 
coefficient is r = 0.94, PcO.Ol between RTA and GSH.
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Figure 5-9. In fed rats the effects of duration of ether anaesthesia on kidney antioxidants.
Normal fed rats were anaesthetized with ether for 5,15, 30 min. The animals then were killed, 
and GSH, and RTA were determined on kidney preparations as described in the text. The results 
are presented as mean values of 3 rats ± S.E.M., and are shown for GSH (blank square), RTA 
(blank triangle) with S.E.M. shown as bars. The linear regression is Y=0.30±0.05X, the 
correlation coefficient is r = 0.97, P<0.001 between RTA and GSH.
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Figure 5-10. In fasted rats the effects of duration of ether anaesthesia on liver antioxidants.
The rats were fasted for 24 hours, then anaesthetized with ether for 5, 15, 30 min. The 
animals then were killed, and GSH, and RTA were determined on liver preparations as 
described in the text. The results are presented as means ± S.E.M. of 3 rats. The linear 
regression is Y= -0.9+0.18X, the correlation coefficient is r = 0.92, P<0.05 between TRAP 
and GSH.
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Figure 5-11. In fasted rats the effects of duration of ether anaesthesia on kidney antioxidants.
The rats were fasted for 24 hours, then anaesthetized with ether for 5,15, 30 min. The animals 
then were killed, and GSH, RTA were determined on kidney preparations as described in the text. 
The results are presented as means±S.E.M. of 3 rats. The linear regression is Y = -0.07+0.1 OX, 
the correlation coefficient is r = 0.98, PcO.OOl between RTA and GSH.
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Figure 5-12. Changes of reduced GSH in liver of fed and fasted rats during ischaemia-reperfusion. 
The fasted rats were deprived of food for 24 hours. The livers were reperfused for 30, 60 and 90 
min after 60 min of ischaemia in fed and fasted rats as described in the text. The GSH was 
determined on the fed rat liver (x—x), and fasted rat liver (A—A) with means ± S.E.M. of six rats. 
The regression equation is Y=2.25-0.02X, correlation coefficient is: r=-0.98, PcO.OOl in the fed 
rats; the regression equation is Y=1.76-0.02X, correlation coefficient is: r=-0.97, PcO.OOl in the 
fasted rats between the GSH changes and ischaemia-reperfused time course. * PcO.05, ** 
PcO.Ol, *** PcO.OOl vs fed sham operative control rats.
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Figure 5-13. Changes of RTA in the liver of fed and fasted rats during ischaemia-reperfusion.
The fasted rats were deprived of food for 24 hours. The livers were reperfused for 30, 60 and 90 
min after 60 min of ischaemia in fed and fasted rats as described in the text. The RTA was 
determined on the fed rat liver (x—x), and in fasted rat liver (A—A) with means ± S.E.M. of six 
rats. The regression equation is Y=7.37-0.08X, correlation coefficient is: r=-O.98, PcO.OOl in the 
fed rats; the regression equation is Y=1.76-0.02X, correlation coefficient is: r=-0.96, PcO.OOl in 
the fasted rats between the RTA changes and ischaemia-reperfused time course. * Pc0.05, ** 
PcO.Ol, *** PcO.OOl vs fed sham operative control rats.
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Chapter 6
Oxidative Stress in 
Ischaemia-Reperfusion of R at Liver
In troduction
Reperfusion insult after ischaemia has been shown to cause additional cellular injury 
to that caused by ischaemia alone. The release of ROS during the period of reperfusion 
has recently been implicated as the mediator of this reperfusion injury in a variety of 
organs including the brain, heart, kidneys, intestinal mucosa, and liver (McCord 1985, 
Stein et a l  1991, Adkinson et a l  1986). Potential sources of ROS are the activation of 
resident macrophages, and infiltrating leucocytes (Schmid-Schoenbein 1987, Grisham et 
a/. 1986).
Xanthine oxidase is likely to be an important source of intracellularly-generated 02 " 
during reperfusion when molecular oxygen is re-introduced, and the enzyme oxidizes the 
breakdown products of AMP that have accumulated during the ischaemic period (Roy & 
McCord 1983, McCord 1985). These experiments concerning SOD and xanthine oxidase 
have opened “a Pandora's box" concerning oxygen radical production, oxidative stress, 
and reperfusion tissue injury.
During ischaemia, at least two critical events arise in the ischaemic tissue. The first 
event is depletion of cellular energy stores, as adenosine triphosphate (ATP) is degraded 
to xanthine and hypoxanthine. Secondly, xanthine dehydrogenase undergoes conversion 
to xanthine oxidase (McCord 1985, Parks & Granger 1983). After longer ischaemic 
periods, which induce cell swelling during reperfusion (Jaeschke 1991, Jaeschke and 
Farhood 1991), considerable amounts of converted xanthine oxidase and high 
concentrations of the substrates, xanthine and hypoxanthine, accumulate in ischaemic 
tissue; these together with the oxygen in the reperfusing blood, readily produce ROS 
easily. As xanthine oxidase was found to adhere to cultured endothelial cells, it was 
hypothesised that extracellular xanthine oxidase could be responsible for microvascular 
injury. The presence of extracellular oxidant stress, the dramatic release of hepatic 
enzymes in vivo and in vitro, and the decreased GSSG formation with allopurinol, 
would support such a mechanism. Generation of hydroxyl radicals and exacerbation of
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lipid peroxidation, believed to represent the critical lesion preceding irreversible cell 
injury, are dependent on iron catalysis in vivo and in vitro (Preece et al. 1988).
ROS scavengers such as superoxide dismutase, catalase, mannitol and the xanthine 
oxidase inhibitor—allopurinol, have been found to ameliorate reperfusion injury by 
scavenging ROS. Similar experiments were undertaken in other models, and a decade 
later, it is now generally accepted that xanthine oxidase-derived ROS are responsible, at 
least in part, for reperfusion injury.
During the several million years of biological evolution, biological organisms have 
always been exposed to injuries, infections, diseases, malnutrition, and so on. To ensure 
the continuity of biological evolution, many protective systems have developed. Among 
them, the inflammatory-immune system is probably the most sensitive, powerful and 
effectively protective. Any acute injury to the body, including toxicity, infection, trauma 
and disease, results in the rapid increase of inflammatory cells in the circulation a few 
minutes after the insult. If ROS are formed by the inflammatory cells, the Kupffer cells, 
the resident macrophages, and polymorphonuclear leucocytes (neutrophils, PMN) 
infiltrated from the blood vessels are the cell types that would most likely be involved. 
Since essentially, no neutrophils are present in the liver under normal conditions, a 
prerequisite for a PMN-induced oxidant stress would be a significant accumulation of 
PMN in the liver.
Recent investigations showed two distinct injury phases during reperfusion. The 
initial injury phase (1-2 hours) is characterised by a significant Kupffer cell-induced and 
xanthine oxidase-produced oxidant stress, and the beginning of neutrophils accumulating 
in the ischaemic tissue (Jaeschke 1991). Preliminary data using video microscopy 
indicate that an increase of PMN in the liver sinusoids is observed as early as 5-15 
minutes after initiating reperfusion (Koo et al. 1989), but histological evidence for 
significant accumulation of PMN is seen only after 30-60 minutes of reperfusion 
(Jaeschke et a l  1990, Jaeschke 1991). During the plateau phase of the injury (approx. 1- 
6 hours) PMN continue to accumulate in the liver without evidence for additional cell 
damage (Jaeschke et a l  1990). Between 6 and 24 hours of reperfusion, a second phase, 
of more severe injury occurs (Jaeschke et a l  1990). During this phase, depletion of 
neutrophils with anti-neutrophil monoclonal antibody prevented accumulation of PMN 
by 85% in the post-ischaemic liver and decreased hepatocellular necrosis from 80% in 
controls to less than 30% (Jaeschke et a l  1990). These data indicate that the later injury 
phase is caused by an inflammatory type reaction with neutrophils as the major cell type 
involved.
Despite the immediate clinical implications of hepatic ischaemia-reperfusion in organ 
procurement for transplantation, the contribution of neutrophils which migrate into, and 
accumulate in the ischaemic tissue, and the potential protective role of GSH, in
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hepatocellular injury associated with hepatic ischaemia followed by reperfusion, have not 
been fully studied. The purpose of the present studies was to examine the mechanism of 
the acute hepatic ischaemic injury in fed rats and in rats predepleted of endogenous GSH, 
by fasting, particularly with respect to migratory neutrophils.
M aterials and Methods 
M aterials
Materials were described previously as in Chapters 4,5.
M ethods
M easurem ent of total glutathione (GS) content in the liver
The method for measuring total GS was described previously in Chapter 4. 
D eterm ination of oxidized glutathione (GSSG)
The assay is made specific for GSSG by removing any GSH present with 2- 
vinylpyridine. It has been claimed that 2-vinylpyridine does not inhibit glutathione 
reductase and thus excess reagent need not be removed (Tietze 1969). GSH present in 
solutions of pH>5.5 is readily derivatised by adding 2 fil of 2-vinylpyridine per 100 |il
solution after 60 minutes at 26°C.
The tissue was homogenised in 5 vol of 1% picric acid and the resulting solution 
centrifuged; 2 -vinylpyridine was added directly to the protein-free supernatant (2  |il of 
vinylpyridine per 100 JJ.1 sample) and mixed vigorously for about 1 minute the final pH
being 7-7.5.
Glutathione reductase solution (20 pi, 50 units/ml) was added to 5pl of the 
derivatised test supernatant in the cuvette for assay of the GSSG. The oxidized 
glutathione was then determined colorimetrically with DNTB reagent as previously 
described in Chapter 4. A concentration of 0.1 mM glutathione solution was used as 
standard for the assay of GSH; but for the assay of GSSG a concentration of 0.01 mM 
glutathione was used.
Radical T rapping Activity (RTA)
Measurement of radical-trapping activity was described in Chapters 4 and 5,
previously.
M easurem ent of th iobarbituric acid-reactive m aterials (TEAR)
Measurement of TEAR was described previously in Chapter 2.
M easurem ent of protein
Protein concentration was determined by the method of Lowry, et a l  (1951).
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Determination of tissue oedema
The left lateral or median lobes were used to determine wet tissue weight. After 48 
hours of heat desiccation (8O0Q , dry tissue weights were measured and wet to dry tissue 
ratios were obtained for each sample.
Observation of neutrophils accumulated in the liver and lung
Samples from the left or median lobes of liver, and the right low lobe of lung, were 
immersed in 10% neutral buffered formalin for at least 1 week. Wax-embedded sections 
of 5 mm thickness were cut and stained with haematoxylin and eosin. The number of 
neutrophils accumulated in the hepatic tissue were counted with 50 high-power (x 400) 
fields per slide.
Animal preparation
Male Wistar-albino rats, weighing 265-358 g (316 ± 35) were randomized into three 
groups of six rats each. The animals in group one fed with Spratts Laboratory Animal 
Diet No.l (Betchworth, UK), were anaesthetized and sham operated without ischaemia 
and served as controls. Rats in group two, fed as rats in group 1, underwent 60 minutes 
of hepatic ischaemia followed by 90 minutes of reperfusion. The rats in group three were 
fasted for 24 hours just prior to experimentation but allowed drinking water ad lib, and 
were then subjected to 60 minutes of hepatic ischaemia followed by 90 minutes of 
reperfusion.
Ischaemia-reperfusion model
Hepatic ischaemia was produced in the Wistar-albino rats using the method described 
by Hayashi et al. (1986). Rats pretreated as described in the above protocols were 
anaesthetized with an intraperitoneal injection of urethane (Sigma; 1.25 gm/per kg body 
weight). Previous studies described in Chapter 5 showed that urethane had little or no 
effect on oxidative stress, in marked contrast to ether anaesthesia. Body temperature was 
monitored using a rectal probe, and temperature was maintained at 35-37°C by placing 
the rats on heating pads. Tracheostomies were performed using polyethylene catheters to 
prevent upper airway obstruction during the experiment. Femoral arterial and venous 
polyethylene catheters were inserted. The arterial catheter was connected to the polygraph 
(Grass Model 79D EEG and polygraph. Grass Instrument Co., USA) through the 
pressure transducer (Gould Statham, P23ID, USA) for continuously monitoring of 
blood pressure. The venous catheter provided access for a continuous infusion of saline 
at about 3.5 ml/hour to replace evaporative losses and to maintain the blood pressure. 
The abdomen was opened through a U-shaped incision, and the liver hilus was exposed.
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Hepatic ischaemia was induced by placing a microvascular clip cross the artery and duct 
of left and median lobes interrupting the blood flow to left and median lobes. The blood 
supply to the omental and right lobes was uninterrupted (Figure 6-1), and portal venous 
flow was maintained through them without evidence of vascular congestion of the 
alimentary tract Sham-operated animals were prepared similarly with the exception that 
no microvascular clip was applied across the artery and duct of the left and median lobes. 
At the end of 60 minutes of ischaemia, the microvascular clip was removed and the liver 
then was reperfused for up to 90 minutes. During the whole period of experiment the 
blood pressure was maintained between 90-120 mmHg by intraveneous injection of 
saline solution. The hepatic samples were taken at 60 minutes of ischaemia and 30, 60, 
and 90 minutes of reperfusion from the left and median lobes, and the lung samples were 
taken from the right low lobe of lung after 90 minutes of reperfusion.
S tatistical analysis
Data obtained in these experiments are expressed as means ±  S.E.M.. Analysis of 
variances and paired Student's t test were used to test for the significance of the effect of 
ischaemia-reperfusion on the measurements of GSH, RTA, wet/dry tissue ratios and 
number of neutrophils accumulated in sinusoids of the liver. The linear regression 
equations and correlation coefficients between variances or variance to periods of 
reperfusion were analyzed, and * P<0.05, ** P<0.01, ***P<0.001.
R esu lts
(1) Blood pressure: In the present experiments, blood pressure was maintained 
between 90-120 mmHg (P>0.05 between the fed and fasted rats) with replacement of 
fluid intravenously to minimize the influence of shock factors, which is another complex 
problem (Table 6-1).
The amount of injected fluid also influences tissue oedema. In the present experiments 
the P value of injected fluid volumes, between the fed and fasted rats, was also >0.05 
(seen Table 6-1). The P values of the blood pressure and perfused fluid volumes, 
between the fed and fasted rats, were not statistically significant different, that is the 
effects of changes of blood pressure and volumes of perfused fluid did not affect the
other results of the different groups of rats.
During the experiments it was ensured that the hepatic vessels of median and left 
lobes were clamped without interrupting the portal vein blood flow, as interrupting this 
blood flow would result in intestinal congestion and oedema, which could decrease the 
intestinal barrier function.
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(2) Oedema: The wet/dry tissue ratio (tissue oedema) is evidence of the increase of 
vascular permeability. ROS are now considered to be major mediators of the 
microvascular injury associated with reperfusion of ischaemic tissue.
The oedema of ischaemic liver was exacerbated following the periods of reperfusion. 
In the fasted ischaemia-reperfusion rats, tissue oedema showed good correlation with the 
periods of reperfusion (r=0.96, P<0.001) as did that in the fed ischaemia-reperfusion 
rats (r=0.91, P<0.05). Also there was significant difference (r=0.99, P<0.001) in tissue 
oedema between the fed and fasted ischaemia-reperfusion rats (Table 6-2, Figure 6-2, 
Photo 6-1).
(3) G lutathione levels: The GSH contents in the ischaemic hepatic tissue were 
significantly depleted followed the periods of reperfusion (r=-0.98, PcO.OOl in the fed 
ischaemia-reperfusion rats; r=-0.97, PcO.OOl in the fasted ischaemia-reperfusion rats). 
The GSH/GSSG ratios were markedly decreased following the periods of reperfusion, 
although GSSG contents in the ischaemia-reperfused tissue were not increased (Table 6- 
3, Figure 6-3). There were also significant differences in changes of GSH (r=0.98, 
PcO.OOl) and GSH/GSSG ratio (r=0.96, PcO.Ol) between the fed and fasted rats.
(4) Radical trapping activity (RTA): Changes of RTA in liver of the fed and fasted 
ischaemia-reperfusion rats were similar to the changes of GSH. After 90 minutes of 
reperfusion the RTA values in the fed and fasted animals were only 14% and 10% of the 
control values of fed anaesthetized rats without ischaemia-reperfusion. The correlation 
coefficients of RTA values with the periods of reperfusion were r=-0.98, PcO.OOl in fed 
rats, and r=-0.96, Pc0:001 in the fasted rats (Table 6-3). There was also significant 
difference in changes of RTA (r=0.99, PcO.OOl) between the fed and fasted rats.
(5 ) Oxidative stress: Changes of TEAR in the fed and fasted ischaemia-reperfusion 
rats are shown in Table 6-3 and Figure 6-4. The increase in TEAR that occurs with 
increased reperfusion periods, closely parallels the increases in oedema and leucocyte 
invasion, and is inversely related to the decreases seen in tissue GSH and RTA. There 
was significant difference in changes of TEAR (r=O.99, PcO.OOl) between the fed and 
fasted rats.
(6 ) Leucocyte m igration: There was no significant increase (2-fold) of hepatic 
accumulated neutrophils at the end of 60 minutes of ischaemia in both fed and fasted rats. 
The leucocytes increased 5- to 6-fold at 30 minutes of reperfusion, and then massively 
increased after 90 minutes of reperfusion (41-fold in the fed rats, 48-fold in the fasted 
rats vs fed sham control) (Table 6-2, Figure 6-5). The characteristics of the neutrophil
infiltration were as follows:
(a) The neutrophils accumulated not only in hepatic ischaemia-reperfused tissue, but 
also in the pulmonary vascular bed after 90 minutes of reperfusion in both fed and fasted 
rats (Photo 6-7, 8 , and 9).
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(b) The neutrophils in the blood vessels adhered to the vascular endothelium, 
migrated through the vascular wall, and infiltrated into the hepatic sinusoids after 60 or 
90 minutes of reperfusion of the fed and fasted rats (Photo 6-4, 5, and 6).
(c) There was a massive neutrophil accumulation in the hepatic sinusoids at the end of 
90 minutes of reperfusion in both fed and fasted rats (Photo 6-5, 6).
(d) There was statistically significant difference in the numbers of accumulated 
neutrophils (r=0.98, PcO.OOl) in the livers of fed and fasted rats (Table 6-4), which may 
indicate that neutrophil invasion proceeds more easily and rapidly in the fasted animals.
(7) C orrelations: It should be pointed out that the correlation between the TEAR 
contents and the number of neutrophils infiltrated and accumulated in the liver were 
significant (PcO.OOl vs period of reperfusion) in both fed and fasted rats, and changes 
of GSH, GSH/GSSG ratio, TEAR, RTA, and tissue oedema were significantly different 
between the fed and fasted rats.These results indicate that the oxidative stress (changes of 
GSH, GSH/GSSG, RTA) and autoxidative tissue injury (changes of TEAR and tissue 
oedema) are significantly correlated with both the periods of reperfusion and nutritional 
status of rats (Figure 6 -6 , 7, 8 , and 9).
D iscussion
Ischaemia-reperfusion injury is a complex problem. Research results would differ 
with different animal species or organs, because of differences in species oxygenation of 
tissues, and organ differences in enzyme contents. Using the same organ in the same 
species of animal, the experimental results will depend on the nature of the experimental 
model. Little is known about the molecular mechanisms of ischaemic hepatocellular 
injury during reperfusion. Although SOD and various antioxidants seem to attenuate 
reperfusion injury, their beneficial effect does not prove that ROS are the cause of this 
injury. Kupffer cells and PMN can theoretically damage cells by two mechanisms, a 
protease-mediated mechanism and/or reactive oxygen generation (Weiss 1990). Kupffer 
cells generate mainly 02'* and H202 that could give rise to OH' radical production in the 
presence of redox-active metal ions. In contrast, PMN generate mainly HOC! due to the 
concomitant release of myeloperoxidase and lactoferrin (Winterboum 1986, Cohen et a l  
1988, Parke at a l  1991). Experiments in vitro showed that opsonized zymosan- 
activated neutrophils damaged hepatocytes through a protease-mediated mechanism 
(Mavier et a l  1988). Under these conditions in vitro the reactive oxygen scavengers, 
SOD and catalase, did not protect against damage. More experiments are necessary to
address these questions in vivo .
(i) Anoxia and anaerobic metabolism: Anoxia is strictly defined as the absence 
of oxygen, whereas hypoxia can refer to any oxygen tension below normoxia. In clinical 
situations, anoxia may be achieved in ischaemic tissues but, more frequently, variable
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levels of hypoxia are obtained due to collapsed circulation or intermittent interruption of 
blood flow. The extent of tissue injury induced by hypoxia is a function of the tissue or 
cell type involved, the presence or absence of a glycolytic substrate, the time, and 
temperature. The level of hypoxia producing measurable changes in a tissue is also 
dependent on the end point chosen for the study since different enzyme systems have 
different oxygen dependences.
A critical problem is the depletion of energy during the ischaemic period. All tissues 
normally exist with a tightly controlled balance between energy production and 
utilization. The most obvious consequence of hypoxia is to disrupt this balance and 
decrease cellular ATP levels (Figure 6-10).
ATP depletion is apparently a necessary event preceding cell death. Nevertheless, 
mitochondrial dysfunction appears to be the critical factor leading to hypoxic injury. 
Other changes which have been observed during hypoxia include activation of a plasma 
membrane-bound phosphohpase, decreased membrane fluidity, increased permeability of 
the plasma membrane, formation and rupture of surface blebs, and decreased cytosolic 
pH. The effect of these changes may delay cell injury since it was noted that restoration 
of normal pH accelerates cell killing by removing this inhibition—an effect which 
suggests that cellular pH changes may be involved in reperfusion injury (Grinstein et a l 
1991). The effects of pH on Oa"- production from the activated neutrophils were studied 
by Gabig et al (1979) and the results are shown in Table 6-5.
(ii) Change of pH during anoxia: The use of magnetic resonance spectroscopy 
(MRS) has been shown to be an excellent non-invasive non-destructive technique for 
studies of metabolic events (including the intracellular pH) associated with ischaemia. A 
substantial and significant (PcO.OOl) drop in intracellular pH occurs from about 7.1 in 
the control to 6.5 in the ischaemic tissue. Acidosis is a feature of tissue ischaemia, which 
results in pH as low as 5.5 (Gores et a l  1988); this acidosis appears to afford protection 
against tissue injury. A similar protection by acidosis was observed in isolated perfused 
rat livers and cardiac myocytes during hypoxic stress (Bond et a l  1990, Currin et a l
1990). The mechanism of this protection is not known, although it is possible that acidic 
intracellular pH suppresses autolytic degradation processes (e.g., proteolysis, 
phospholipid hydrolysis) which are initiated during ATP depletion. Upon reperfusion of 
ischaemic tissue, re-oxygenation and a return to physiological pH occur simultaneously. 
Thus, if  the hypothesis outlined in Figure 6-11 is correct, the return of pH to a 
physiological level should rapidly lead to cell damage. When the extracellular pH was 
changed from pH 6.5 to pH 7.4, cell killing accelerated almost immediately, supporting
this concept (Gores et a l  1989).
Reduction of pH impairs activation of the respiratory enzymes, and in this regard, it
has been reported that the NADPH oxidase system displays a pH optimum in the 6.8 to
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7.9 range in vitro. In the ischaemic tissue low values of extra- and intra-cellular pH result 
in a decrease in the neutrophil respiratory burst and neutrophil migration. This suggests a 
possible role for changes in the cytoplasmic pH of phagocytic cells as a pathogenic 
mechanism contributing to the ischaemia-reperfusion tissue injury (Blum et al. 1987).
(iii) The xanthine oxidase system: The concept that cellular ATP levels fall 
while hypoxanthine accumulates in the ischaemic tissue is well documented for many 
organs (Hearse 1977, Hori et al. 1991, Flamm et a l  1978, Jaeschke 1991, Jaeschke and 
Farhood 1991, Shasby et al. 1989). Two hours of ischaemia decreases ATP 
concentration to 40% of control values. The depletion of ATP is associated with 
increases in tissue levels of AMP (7.6-fold), hypoxanthine (10-fold), and uric acid (4- 
fold). Ten minutes after reperfusion, the levels of AMP and hypoxanthine remain 
significantly raised, but the levels of ATP are largely restored to normal (Schoenberg et
al. 1985) (Table 6-6).
Xanthine oxidase-derived oxidants are an important initial cause of ischaemia- 
reperfused tissue injury. Xanthine oxidase exists in normal healthy cells predominantly 
as a xanthine dehydrogenase. Conversion of xanthine dehydrogenase to xanthine oxidase 
can be initiated either by limited proteolysis, oxidation of sulphhydryl groups, or both 
(seen Figure 1-8). The rate of dehydrogenase to oxidase conversion in ischaemic rat 
intestine is extremely rapid, with complete conversion resulting in less than 1 minute of 
ischaemia (Roy and McCord 1983). Ratych and colleagues (1987) noted that only 15% 
of total enzyme activity (dehydrogenase + oxidase) in cultured endothelial cells exists in 
the oxidase form. After exposure to 45 minutes of anoxia, the oxidase form accounts for 
85% of total activity, which represents a five-fold increase in xanthine oxidase activity.
Xanthine oxidase is capable of reducing molecular oxygen to both superoxide and 
hydrogen peroxide. It has been estimated that the xanthine oxidase activity measured in 
cat intestine subjected to ischaemia-reperfusion produces superoxide and hydrogen 
peroxide fluxes of 1 and 4 nmol/min/g, respectively (Parks and Granger 1983). These 
rates of oxidant production are cytotoxic to cells in culture and exceed the fluxes required 
to increase microvascular permeability.
However, during the last few years it has become increasingly clear that the original 
hypothesis that xanthine oxidase was responsible for the oxidative stress of ischaemia- 
reperfusion, was too simplistic, and particularly that there are organ specific differences. 
Moreover, as recently pointed out by Kehrer and Starns (1989), even with only a single 
organ, there are numerous variations in the models employed, all of which can affect the 
mechanism under investigation. For example, in the isolated perfused rat liver with 
haemoglobin- and albumin-free Krebs-Henseleit bicarbonate buffer using GSSG 
measurement as a sensitive index of oxidative stress, Jaeschke et al. (1988) demonstrated 
that only a minor amount of reactive oxygen species were generated during reperfusion,
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and the reactive oxygen species are unlikely to cause ischaemia-reperfusion injury in rat 
liver by lipid peroxidation or tissue thiol oxidation. The cell damage and impaired organ 
function after ischaemia-reperfusion seen in the leucocyte-free isolated perfused rat liver 
is less severe than after the same period of hepatic ischeamia m vivo, when massive cell 
necrosis was observed. ROS formation has been demonstrated during reperfusion of the 
ischaemic bowel by electron-spin resonance spectrometry and low-level 
chemiluminescence. The results obtained from both techniques suggest that there is a 
burst of oxidant formation immediately after reperfusion, which lasts for 2-5 minutes 
(Jaeschke et al. 1988). After reperfusion for 10 minutes the content of ATP in the 
ischaemic tissue recovers to 83% of the control value (Schoenberg et al. 1985). So the 
production of oxidants by xanthine oxidase cannot totally explain the ischaemia- 
reperfusion tissue injury. Kunz et al. (1991), using electron-spin-resonance to study 
liver ischaemia-reperfusion injury, also demonstrated that at the end of 60 minutes 
ischaemia a baseline radical generation can be detected. After 5 minutes of reperfusion an 
increased radical concentration can be detected, lasting at least for 45 minutes of 
reperfusion.
Moreover, Metzger et al. (1988) and Kunz et al. (1991) using the xanthine oxidase 
inhibitor, allopurinol, to pretreat rats in the ischaemia-reperfusion liver model in vivo, 
showed that the administration of allopurinol did not decrease the formation of oxidised 
glutathione and the release of intracellular transaminases. The absent of any effect of 
allopurinol, and the observation that the oxidative stress is not maximal at the onsetjof 
reperfusion, in which period the available concentration of the substrates for xanthine 
oxidase is highest, indicate that the oxidant stress may not be due entirely to the 
generation of superoxide anion radicals by xanthine oxidase, but rather may result from 
the subsequent activation of leucocytes and resident macrophages. This implicates an 
important additional process in the pathogenesis of ischaemia-reperfusion injury, perhaps 
involving activation of leucocytes or reticuloendothelial cells as potential sources of
reactive oxygen species.
(iv) M igration of PMN: Indeed, hepatic ‘no-flow’ ischaemia and reperfusion 
resulted in a respiratory burst of isolated PMN adhering to a biological surface such as 
endothelial cells or extracellular matrix proteins, characterized by a lag-phase of 30-90 
minutes between the adherence of the activated PMN and its subsequent long-lasting 
formation of reactive oxygen (Nathan 1987). These data in vivo and in vitro suggest 
that PMN are unlikely to contribute significantly to the post-ischaemic oxidant stress in 
liver during the initial reperfusion period, because of the substantial lag phase.
Although PMN start to accumulate during the early reperfusion period, evidence 
argues against neutrophils being the initial source of reactive oxygen species and as a 
contributor to the initial post-ischaemic injury (Hernandez et al. 1987). In the initial
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injury phase, during the start of reperfusion after hepatic ischaemia, oxidative stress was 
observed before PMN began to accumulate, and the number of PMN in initial 
reperfusion of ischaemic lobes were only about twice as high as those in the normal non- 
ischaemic lobes. This fact provided good evidence against the active participation of 
neutrophils in the initial injury phase (Jaeschke et a l  1990). During longer reperfusion 
periods, however, the number of PMN in the ischaemic liver continued to increase, and 
further tissue damage was observed in the ischaemia-reperfusion lobes. Measurements of 
mucosal myeloperoxidase activity in cat intestine indicated that there were about 10 
million granulocytes per gram of tissue (Grisham et a l  1986). When maximally 
activated, these cells can generate a superoxide flux of about 35 nmol/min/g tissue, a rate 
that is highly cytotoxic. Our own data (Table 6-2) demonstrated that after 60 minutes of 
hepatic ischaemia there was only twice the normal number of the PMN, while after 30 
minutes of subsequent reperfusion there was a 5- to 6-fold increase of PMN in the 
ischaemic tissue, with PMN increasing to 18- to 28-fold after 60 minutes reperfusion, 
and 41- to 48-fold after 90 minutes reperfusion. Other evidence that PMN do not 
participate in the initial reperfusion injury was that the hypoxia and acidosis inhibit 
neutrophilic superoxide production, and superoxide production was decreased by 60% 
and 80% at pH 6.5 and 6.0, respectively (Gabig et a l  1979). When reperfusion starts, 
xanthine oxidase and its substrates, xanthine and hypoxanthine, are diluted rapidly, and 
the pH in the sinusoids is returned to physiological levels, the initial ischaemia- 
reperfusion injury by xanthine oxidase system is inhibited, and the recovery of pH and 
oxygen tension would enhance the subsequent ischaemia-reperfusion injury by the 
accumulated neutrophils.
On the other hand, the level of malondialdehyde materials (TEAR) in the ischaemia- 
reperfused tissue was increased. From our data, the TEAR content and the number of 
infiltrated neutrophils in the sinusoids of the ischaemia-reperfused liver showed 
significant correlation (PcO.OOl) in both fed and fasted rats; and the number of 
neutrophils vs wet/dry tissue ratios also showed good correlation (P<0.05) in fed and 
fasted rats. It seemed that lipid peroxidation also played a role in the hypoxic condition of 
the plasmic membrane (Block et a l  1989); liver ischaemia in the intact rat results in an 
accelerated degradation of membrane phospholipid.
(v) The mechanism of PMN migration: Under hypoxic conditions, the electron 
transport chain may be come more reduced. In this situation, an increased rate of auto­
oxidation of electron transport components may occur, through the lipoxygenase 
pathway of arachidonate metabolism, the leukotrienes (LKB4) and peptide-leukotrienes 
(LKC4,D4, E4) are formed (Parke et a l  1991). The leukotrienes, particularly the LKB4, 
are powerful chemotactic, chemokinetic agents. The major action of leukotrienes in vivo 
causes PMN accumulation, and LKB4 seems to be an important mediator of
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inflammatory infiltration. The effect of leukotrienes is 5,000 times greater than with the 
same molar concentration of histamine inducing the same effect (Keppler et al. 1985, 
Parke et al. 1991).
Platelet activating factor (PAF) is another mediator implicated in inflammatory 
reactions. In vivo PAF promotes platelet aggregation, chemotaxis, degranulation, and 
formation of reactive oxygen species by PMN. PAF can also serve as a signal for 
endothelial-dependent PMN adhesion (Zimmerman et al. 1990).
The number of PMN infiltrated and accumulated in ischaemia-reperfusion tissue is 
markedly increased after 60 minutes of reperfusion. The accumulated PMN would 
produce large quantities of HOC1 (up to 2, 500 to 5,000 nmol per 25 x 106 cells) (Weiss 
1986, 1990) which is greatly in excess of the amount of physiological tolerance. The 
activated PMN also release lysosomal enzymes, which result in tissue degradation, and 
neutrophilic elastase is one of the most important of these toxic enzymes (Tanaka et al.
1991). The elastase can mediate extracellular damage, and also destroy intact cells.
The significant accumulation of PMN in the non-ischaemic lungs after 90 minutes 
reperfusion suggests that there are factors mediating accumulation, migration, and 
activation of the neutrophils in the circulatory blood flow, these could include the 
complement factor Csa, the leukotrienes B4, C4, D4, E4, and platelet activating factor 
(PAF). These factors adhere to the PMN surface and enhance PMN to adhere to the 
vascular endothelium of many organs, e.g., lungs and kidneys. This is most important 
particularly in the mechanism of multiple organ failure (MOF) caused by shock, 
resuscitation or serious infection. The major inflammatory cells, namely, the PMN, 
macrophages and mast cells, seem able to induce a lethal whole-body reaction. MOF may 
not necessarily be caused by bacteria or their endotoxins, but by an untoward auto­
destructive and self-sustaining activation of our own inflammatory cells, eventually 
causing autoxidative tissue injury induced by ROS (see Photos 6-7, 8 and 9).
(iv) N utrition and organ failure: Since the mid to late 1970s there has been an 
explosion of interest in nutrition applied to clinical medicine, not only in the more 
obvious area of gastroenterology, but also in surgery and intensive care. Many hospital 
patients were malnourished and that malnutrition predisposed to a high mortality from 
various causes, particularly multiple organ failure. Although surgery may eradicate 
disease, it is hardly the optimal path to health. Surgery does not deal with the basic 
molecular problem of disease. It is a mechanical approach to a biological problem. When 
creative nutritional therapy is coupled to the usual medical therapy, more effective results 
could be achieved. For example, Stein et al. (1990), using rats with ischaemia 
(hemorrhage to 25-30 mmHg) followed by retransfusion of shed blood, observed a 
marked drop in gastric mucosal GSH and gross mucosal injury. However, pretreatment 
with exogenous GSH provided marked protection against gross mucosal ischaemia-
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reperfusion injury and prevented the ischaemia-reperfusion induced drop in mucosal 
GSH.
Nutritional therapy also can protect against multiple organ failure (MOF) and acute 
respiratory distress syndrome (ARDS). ARDS is frighteningly common in the modem 
intensive care unit. MOF almost invariably begins with pulmonary dysfunction. 
Compelling evidence exists that ARDS and MOF are mediated largely by neutrophils 
(Weiss et a l  1990, Goris et a l  1985). Anderson et a l  (1990), using a sublethal 
endotoxemia model (rats were given low dose endotoxin 500 ng/kg, intraperitoneally), 
observed a reversible neutrophil accumulation in lung, but this lung neutrophil 
accumulation did not obligate lung injury. However, activation of these accumulated 
neutrophils can promote lung injury and this neutrophil-associated lung injury is 
mediated in part by ROS and neutrophil elastase. Moreover, Mileski et a l  (1990) 
demonstrated that inhibition of neutrophil adherence with CDlSMAb 60.3 significantly 
decrease neutrophil-mediated vascular and tissue injury after the generalised ischaemia- 
reperfusion injury of hemorrhagic shock and resuscitation.
The organ that harbours the greatest number of marginating neutrophils is also the 
organ first and most commonly, observed to failure. Our own data demonstrated that in 
fasted rats the neutrophils migrated easily into the ischaemia-reperfusion tissue. 
Moreover, there also was greater oxidative stress in ischaemia-reperfusion tissue of 
fasted rats than that in fed rats. Hence, massive number of marginating neutrophils could 
easily be activated by great oxidative stress in the fasted rats. Unfortunately, we put far 
too much effort into “ambulances and the lancet”, and far too little into the simple 
approach of disease via molecular mechanisms. When creative nutritional therapy is 
coupled to the usual medical therapy, outstanding results can be achieved. This approach 
is safer, less costly, and less life threatening.
We are still faced with a myriad of unanswered questions regarding the ischaemia- 
reperfusion mechanism. Further progress in this field will depend on the development of 
new techniques for monitoring oxidant production and granulocyte function in vivo, and 
the identification of new compounds that selectively interfere with one or both of these 
processes. Taken together, the mechanism of ischaemia-reperfusion tissue injury is 
complex, and an attempt to explain it is shown in Figure 6-12.
C onclusion:
(i) No effect of anaesthetic as urethane was used: In Chapters 2, 3, and 4 it is 
demonstrated that diethyl ether produces oxidative stress by inducing cytochrome 
P4502E1, with positive correlation with the duration of anaesthesia. In Chapter 5 it was 
also demonstrated that urethane produces less oxidative stress than does ether. In this
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experiment urethane was used as the anaesthetic to exclude the oxidative stress produced 
by anaesthetic effect.
(ii) S ta tistica lly  sign ifican t differences betw een the fasted  and  fed 
ischaem ia-reperfusion rats: There were statistically significant differences in the 
oxidative stress (changes of GSH, GSH/GSSG ratio, RTA and TEAR), tissue oedema 
and leucocyte migration seen in the fasted and fed rats, which indicated that nutritional 
status not only affects oxidative stress and tissue injury, but also affects the neutrophil 
margination into the liver, and also into the lung. This fact indicated that malnutritional 
status is the the most important cause of ARDS and MOF by oxidative stress tissue 
injury and neutrophil-mediated mechanisms.
(iü) O xidative stress and reperfusion time: The degree of oxidative stress 
(changes of GSH, GSH/GSSG, RTA and TEAR), tissue oedema and leucocyte 
migration, in both fasted and fed rats, were also significantly related to the duration of 
reperfusion (Figure 6-2, 3).
(iv) Oxidative stress and  leucocyte m igration: It was found that the longer the 
period of reperfusion, the greater the oxidative stress produced, and the greater the 
number of leucocytes accumulating in the tissue (Figure 6-4, 5, 6, 7, 8, and 9, Photo 6- 
4, 5, and 6). The mechanism of the production of oxidative stress, and the migration of 
leucocytes during the different stages of ischaemia-reperfusion was discussed.
(v) Leucocyte m igration into the lung- a cause of MOF?: In this experiment, 
the surgical challenge was strictly limited to the liver, and factors that could affect 
oxidative stress and tissue oedema, e.g., shock factor, injected fluid volumes and 
anaesthetic effect, were excluded. However, it was found that massive leucocyte 
accumulation in the pulmonary vascular.system occurred. This phenomenon indicated 
the possible mechanism by which different pathology may result in MOF, and that MOF 
is caused not only by various disease states and pathology, but is also a common basic 
problem of oxidative stress and the inflammatory response. The MOF may simply reflect 
changes in the basic biochemistry of the body that may be precipitated by various 
damaging factors.
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Table 6-1. The systemic blood pressure (BP) and the fluid injection in the various 
rats during ischaemia-reperfusion.
Blood pressure
Groups Baseline
(mmHg)
Ischaemia
(mmHg)
Reperfusion
(mmHg)
Fluid injection 
(ml)
Fed 122.3±5.3 
Fasted 120.3+5.1 
Fed-sham operation 120.7+4.2
96.0±17.4
108.0+10.2
/
ÎO9.3+6.7
112.7+7.6
/
ÎO.5+Î.2
11.3±1.3
/
The data are the means ± S.E.M. of 6 rats.
Table 6-2. Oedema and leucocyte migration in rat liver after ischaemia-reperfusion.
Groups Wet/dry ratio (%)* PMN (%)*
Fed-Anaesthesia-Control 3.2+O.2 100 7.7+1.8 (100)
Fed-Sham operation control 3.2±0.4 101 8.3±3.8 (109)
Fed-Ischemia 60 min 3.4+0.3 107 15.2±9.0 (198)
Fed-Ischemia-Reperfusion 30 min 4.0±0.2 126 39.9+Î2.6 (520)
Fed-Ischemia-Reperfusion 60 min 4.2+0.2 132 138.0+43.2 (1799)
Fed-Ischemia-Reperfusion 90 min 4.2+0.1 134 316.5±43.2 (4120
Fasted-Ischemia 60 min 3.6+0.1 113 16.2+4.1 (211)
Fasted-Ischemia-Reperfusion 30 min 4.1+0.1 131 46.3+H.4 (604)
Fasted-Ischemia-Reperfusion 60 min 4.3+O.2 136 2Î7.3+29.9 (2830)
Fasted-Ischemia-Reperfusion 90 min 4.4+0.2 139 365.2+56.3 (4761)
The data are the means ± S.E.M. of 6 rats; each rat was examined after (i) 60 min of 
ischaemia, (ii) 60 min ischaemia followed by 30 min reperfusion, (iii) 60 min 
ischaemia followed by 60 min reperfusion, (iv) 60 min ischaemia followed by 90 min 
reperfusion, by removing approx. 2 g of liver for each period of examination. 
Accumulated neutrophils in the liver were counted in 50 fields of x 400 high power.
* The wet/dry tissue ratio and PMN in anaesthetic control are taken as 100%.
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Table 6-4. The results of regression equations and correlation coefficients 
between the fed and fasted rats.
equation r P
Wet/dry ratio Y=0.43 + 0.93X 0.99 <0.001
PMN Y=12.2 + 1.17X 0.98 <0.001
GSH Y=0.27 + 0.66X 0.98 <0.001
GSH/GSSG Y=0.27 + 0.46X 0.96 <0.01
RTA Y=-0.04 + 0.68X 0.99 <0.001
TEAR Y=0.68 + 1.01X 0.99 <0.001
of fed rats, 'Y' represents parameter of fasted rats, Y is correlation 
coefficient, and 'F  is significance.)
Table 6-5. Effect of pH on O2 - production by the particulate 02"-forming 
system from activated neutrophils
Conditions of
0 2 "- production (nmol/min per g protein)
activation Assayed at pH 6.0 Assayed at pH 7.5
Activated at pH 6.0 
Activated at pH 7.5
2.9+0.5 3.5+0.3 
6.1+1.3 7.4+0.2
(From Gabig et al. 1979.)
Table 6-6. Effects of ischaemia-reperfusion on purine metabolism in cat intestinal 
mucosa.
Control
Ischaemia 
2 hr
Reperfusion
10 min 1 hr
ATP 5.98±0.61 2.39±0.60
AMP 0.45+0.06 3.43+0.91
Hypoxanthine 0.16+0.04 1.7+0.70
Uric acid 0.39+0.25 1.7+0.30
4.15+0.93 4.92+1.11 
1.43+0.93 Î.32+O.42
0.87±0.63 0.17+0.08
(From Schoenberg et al. 1985.)
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Hepatic artery and bile duct! 
of the median lobe /  /
Hepatic artery and bile duct 
of the left lobe
Clamp,
The arterial catheter 
is connected to the 
polygraph to monitoring
the blood pressure
Femoral
artery
Femoral
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y  for the infusion
Figure 6-1. Experimental set-up showing the placement of a vascular clamp at 
the hepatic hilum and the cannulae in the femoral artery and the femoral vein. The 
hepatic artery and biliary duct of the left and median lobes were occluded by a small 
vascular clamp.
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Figure 6-2. Hepatic oedema following ischaemia and reperfusion in fed and 
fasted rats.
Ischaemia was for 60 minutes followed by reperfusion 30, 60 and 90 
minutes for fed (A—A) and fasted (x—x) rats. *P<0.05, **P<0.01 vs fed 
sham operative control.
GSH/GSSG
20  -i
Fed
Fasted10 -
*  *
*  *  *
*  *  *
-100 0 100
Fed anaes. Fe(j sham Ischemia Reperfusion
control ope. cont. 60 30 60 90 (min)
Figure 6-3. Changes of GSH/GSSG in the fed (x—x) and fasted (A—A) rat liver after 
ischaemia for 60 minutes followed by reperfusion 30, 60 and 90 minutes.
* P<0.05, ** PcO.Ol, *** PcO.OOl vs fed sham operative control group.
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Figure 6-4. Thiobarbituric acid-reactive material in fed (A—A) and fasted (x—x) rats 
liver after ischaemia for 60 minutes followed by reperfusion for 30, 60 and 90 minutes. 
*P<0.05, **P<0.01, ***P<0.001 vs results of fed sham operative rats.
No. of Neutrophils * * *
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Figure 6-5. Changes in the numbers of neutrophils accumulated in the fed (A—A) and 
fasted (x—x) rat liver after ischaemia for 60 minutes followed by reperfusion for 30, 60 
and 90 minutes.
*P<0.05,**P<0.01,***P<0.001 vs results of fed sham operative rats. The 
accumulated neutrophils in the liver tissue were counted in 50 fields of x 400 high 
power.
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Figure 6-6. Relationship between the number of neutrophils accumulated in the hepatic 
sinusoids and the TEAR in fed ischaemia-reperfusion rats.
The TEAR concentrations are shown as (x—x), and (A—A) presents the number of 
neutrophils accumulated in 50 fields of x 400 high power.
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Figure 6-7. Relationship between the number of neutrophils accumulated in the hepatic 
sinusoids and the liver oedema in fed ischaemia-reperfusion rats.
The (x—x) presents the wet/dry ratio, and (A—A) presents the number of 
neutrophils accumulated in 50 fields x 400 high power.
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Figure 6-8. Relationship between the number of neutrophils accumulated in the hepatic 
sinusoids and the TEAR in fasted ischaemia-reperfusion rats.
The (x—x) presents the TEAR concentration, and (A—A) presents the number of 
neutrophils accumulated in 50 fields x 400 high power.
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Figure 6-9. Relationship between the number of neutrophils accumulated in the hepatic 
sinusoids and the liver oedema in fasted ischaemia-reperfusion rats.
The (x—x) presents the wet/dry ratio, and (A—A) presents the number of neutrophils 
accumulated in 50 fields x 400 high power.
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Figure 6-10. Cellular energy metabolism. A balance normally 
exists between energy production and utilization. This balance is disrupted by hypoxia 
since alternative energy pathways such as glycolysis are incapable of producing sufficient 
energy for long-term survival.
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Figure 6-11. A hypothesis concerning the intracellular changes occurring during 
hypoxia which may be involved in the progression of cell injury. Hypoxia leads to 
decreased oxidative phosphorylation, ATP depletion, and reductive stress. The reductive 
stress may promote the formation of reactive oxygen species by mitochondria under 
conditions where residual oxygen is present. These reactive species may further damage 
mitochondria, as well as other cellular components. The loss of ATP leads to ionic 
imbalances, acidosis, and the activation of proteases and phospholipases. Intracellular 
acidosis protects cells by inhibiting the activity of the activated enzymes. Eventually, the 
intracellular pH rises and a positive feedback loop is created that accelerates the 
progression of cell death.
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Figure 6-12. Mechanism proposed to illustrate the involvement of xanthine oxidase- 
derived oxidants and granulocytes in ischaemia-reperfusion induces tissue injury.
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N onischem ic liver of fed rat
^holograph 6-1. The gross changes of liver of fed rats. The median lobe after 60 minutes of ischaemia 
was more serious oedema than was the non-ischaemic median lobe. The median lobe followed by 
30 minutes reperfusion after 60 minutes ischaemia was dark and the most serious oedema among 
the three models.
Photograph 6-2. Liver section obtained from fed rat treated with sham-operation and anaesthesia 
without ischaemia-reperfusion as a control. A few neutrophils are found in the central vein and 
sinusoids. Haematoxylin and eosin (HE), x 250
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'holograph 6-3. Liver section obtained from fed rat exposed to ischaemia for 60 minutes without 
reperfusion. Neutrophils in the central vein and sinusoids are similar to those of control. HE. x 
250.
Photograph 6-4. Liver section obtained from fed rat exposed to ischaemia for 60 minutes followed by 
reperfusion for 30 minutes. Neutrophils accumulated in the central vein and infiltrated into 
sinusoids occasionally. HE. x 400.
147
â  « XT K ”  -.* f
,  Y
-1 1 ^ ** # #
* » <1 < #
t
f  %
< 4 1
♦ • t  ,
' .  . :  >& >
»
à V
X ,  >y
y  V
iw.  qi
* 0 %  >  V - t L i
X♦%
i
&  }  ' * &  '  *  '  "  V
1
*1 i s »
z
A
- * .
• - . - v y  x
Photograph6-5. Liver section obtained from rat fasted for 24 hours and exposed to ischaemia for 60 
minutes followed by reperfusion for 60 minutes. A large number of neutrophils accumulated in 
the central vein and sinusoids. HE. x 400.
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Photograph 6-6. Liver section obtained from rat fasted for 24 hours and exposed to ischaemia for 60 
minutes followed by reperfusion for 90 minutes. A massive accumulation of neutrophils occurred 
in the central vein and sinusoids. HE. x 250.
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'holograph 6-7. Lung section obtained from fed rat exposed to sham-operation and anaesthesia without 
ischaemia-reperfusion, as a control. Neutrophils are occasionally found in the veins. HE. x 250.
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Photograph 6-8. Lung section obtained from fed rat exposedto ischaemia for 60 minutes followed by 
reperfusion for 90 minutes. A massive accumulation of neutrophils occurred-seen here in a small 
artery and vein. HE. x 250.
■’hotograph 6-9. Lung section obtained from rat fasted for 24 hours and exposed to ischaemia for 60 
minutes followed by reperfusion for 90 minutes. A massive accumulation of neutrophils occurred 
in a small artery and vein. HE. x 250.
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Chapter 7 
Conclusions and Perspectives
1. Surgical Trauma
(i) Anaesthetic Hepatotoxicity
Progress in surgery depends on a better understanding of the reason(s) for surgical 
trauma and the provision of possible protective mechanisms against this. Therefore, if 
more effective interventions to prevent surgical trauma could be discovered and applied, 
patients’ survival of major operations would improve. Before the development of 
anaesthesia, pain was the major obstacle in surgery; operations were horrendously 
traumatic experiences. After the introduction of anaesthesia to the clinic, namely, 
chloroform, diethyl ether, and alcohol as anaesthetics (Geddes 1980), surgical 
procedures could be carried out with more care and less need for speed, and hence more 
complex procedures could be undertaken.
Undoubtedly, the development of anaesthesia has been the making of modern 
surgery and has resulted in the considerable progress in surgery during this century. 
However, it has been recognized that there is a high morbidity due to hepatic and renal 
dysfunction following ether anaesthesia (Babcock 1944, Guadagni 1978). 
Investigations of the reasons for post-operative hepatotoxicity have been studied 
clinically and in animal experiments, and it was found that hepatotoxicity was induced 
not only by anaesthetics (Geddes 1980, Sipes and Brown 1976, Guadagni 1978), but 
also by some drugs, e.g. paracetamol (Dixon et al. 1971, Dixon et al, 1975) and 
environmental chemicals, e.g. carbon tetrachloride (Adam and Thorpe 1972).
Diethyl ether [(CiHghO], chloroform (CHClg), divinyl ether [(CiHshO], and the 
more recently introduced anaesthetic, halothane (CFgCHBrCl) all result in liver 
dysfunction (Guadagni 1978). Halothane metabolism in vitro which occurs primarily in 
the rodent hepatic microsomal fraction and involves several pathways including the 
classic mixed-function oxygenase pathway (Geddes 1980). It has been demonstrated 
that pretreatment of rats with a single dose of Aroclor 1254 followed by exposure to 
halothane anaesthesia results in hepatic centrilobular necrosis in 80% of the liver in all 
animals, and these lesions resembled those seen in the halothane-induced hepatic lesions 
in man (Sipes and Brown 1976). Similarly, hepatic centrilobular necrosis was seen at
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12-24 hours after a single dose of paracetamol (3 g/kg) to rats (Dixon et al. 1975).and 
similar pathological changes are induced by carbon tetrachloride (Adam and Thorpe 
1972).
Two questions have been posed by many biochemists and pathologists, namely, 
why does hepatic necrosis induced by different chemicals always occur in the hepatic 
centrilobular region and how is it that vitamin E can protect the liver from the hepatic 
necrosis resulting from paracetamol, carbon tetrachloride, etc (Walker et al. 1974, 
Gonzalez-Flecha et al. 1991)?
(ii) Cytochrome P4502E1- A source of reactive oxygen species.
After two decades of research it is now clear that production of lipid peroxides by 
reactive oxygen species (ROS) may result in significant membrane damage and altered 
cellular function (Ekstrom and Ingelman-Sundberg 1986). Inducible cytochrome 
P4502E1, which is normally in the high spin state and has high oxygen consumption, 
easily produces ROS by futile cycling, and is a source of intracellular ROS (Ingelman- 
Sundberg & Johansson 1981, Ingelman-Sundberg and Hagbjork 1982). The 
previously-mentioned hepatotoxic chemicals, ether, halothane, paracetamol, and carbon 
tetrachloride are all specific substrates of cytochrome P4502E1
More recently, it has been demonstrated that cytochrome P4502E1 is mainly present 
in the centrilobular region of rat liver (Ingelman-Sundberg et al. 1988), and human liver 
(Tsutsum et al. 1989).When cytochrome P4502E1 is induced by its substrate(s), its 
activity is enhanced and increased ROS are produced. The location of cytochrome 
P4502E1 in the liver centrilobular and its propensity to produce ROS may be the major 
reason why the hepatotoxicity from so many different chemicals occurs in the 
centrilobular region.
(in) Autoxidative injury and nutrition
Autoxidative injury resulting from lipid peroxidation is decided by two factors, 
namely, the production of ROS, and the tissue content of antioxidants and radical 
scavengers. It is now clear that the protective action of vitamin E against paracetamol 
lesions in the liver (Walker et al. 1974) is due mainly to the anti-oxidative function of 
this vitamin (Barclay et al. 1984, Wayner et al. 1987).
It has been suggested that the function of the cytochrome P450 enzyme superfamily, 
including P4502E1, are regulated and modified by nutritional factors. Moreover, there 
are several cellular protection systems against ROS, including tocopherols, ascorbic 
acid, selenium-dependent glutathione peroxidase and glutathione, all of which depend 
on nutritional status. The importance of nutritional factors is that many major cellular 
antioxidant systems depend on exogenous materials, e.g., vitamins C and E, which in 
some species, including human, cannot be synthesized, or supply components for the 
endogenous synthesis of antioxidants, e.g. glycine and cysteine or NADPH for the
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synthesis of GSH (Casini et a l  1985, Jaeschke 1990). Other recent studies indicate that 
regulation of cytochrome P450-dependent monooxygenase activities are decided by 
selective induction of these enzymes by various nutritional factors, e.g. P4502E1 is 
induced by fasting or by acetone. It is also well known that lipid peroxidation is 
associated with dénaturation and inactivation of cytochrome P450 (Jaeschke et a l  1987, 
Liu et a l  1991) due, mainly, to membrane degradation by ROS, particularly hydroxyl 
radicals (Davies 1987, Manno et a l  1992).
Nutritional factors exert profound influences upon microsomal P450 and drug 
oxidations, however, at present, little information is available concerning the 
relationship between nutrition and the regulation of individual cytochrome P450 
enzymes (Ekstrom et a l  1986, loannides and Parke 1990, Parke et a l  1991).
(iv) H alothane is hepatotoxin, are other new anaesthetics safe?
Following the use of new anaesthetics of low toxicity, and paying more attention to 
patient nutrition, surgical trauma seems to have largely disappeared. The use of other 
new anaesthetics should be introduced with greater care after the toxicity seen on the 
introduction of halothane into the clinic. Halothane was considered to be absolutely safe 
as an anaesthetic because of its inert chemical nature. However, over 80% of hepatic 
dysfunction was found after use of halothane as the anaesthetic in animal experiments 
(Sipes and Brown 1976). Halothane is inert in vitro, but there is complete different 
picture in vivo due to the metabolic activation of halothane with the production of
radical metabolites and ROS (Figure 7-1).
Further studies have demonstrated that halothane is a substrate of cytochrome 
P4502E1 and can induce it to produce ROS, which result in hepatic and renal 
dysfunction. From the example of halothane, it should be emphasized that any new 
drug, especially new anaesthetics must be examined for potentially toxic/carcinogenic 
effects, particularly for the ability to induce cytochrome P4502E1 (Parke et a l  1991, 
Conney 1982, Kobusch et a l  1991). Enflurane (CHCIFCF2OCHF2) and isoflurane 
(CF3CHCIOCHF2), modem anaesthetics that are now widely used clinically (Guadagni 
1978) have similar structures to halothane. Their safety is thus in question and studies 
need to be perfomed to ascertain if they are capable of the induction of cytochrome 
P4502E1.
2. C urren t Problems — M ultiple Organ Failure (MOF).
With the advances in intensive care medicine, patients with severe but reversible 
damage to a single major organ now stand a good chance of survival. Once additional 
organ systems show signs of dysfunction, however, the outlook is less optimistic. 
Fatalities rise cumulatively with the number of organ failures as is shown in Table 7-1.
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Although it is customary to attribute death to complications, such as hypoxia, 
hypotension, septicaemia, or disseminated intravascular coagulation, these failures may 
be secondary consequences of some fundamental metabolic derangement. The reason(s) 
why different diseases may result in MOF is that this is caused not only by the original 
disease(s), but also by a common pathological phenomenon. MOF may simply reflect 
changes in basic biochemistry of the body which may be precipitated by a number of 
different factors, such as malnutrition, infections, anaesthesia, haemorrhage, etc 
(Editorial 1984).
(i) Ischaemia-reperfusion and multiple organ failure
Another major obstacle in surgery is hypovolemic shock, particularly in battle and 
road accident casualties. Hypovolemic shock, including haemorrhagic shock, was the 
major reason of death during the First World War. After intensive studies from many 
aspects, including physiology and biochemistry, the mechanism of hypovolemic shock 
has been better understood and many treatment interventions are used in the clinic, e.g. 
blood transfusion, plasma substitutes, glucose-saline drips. The major intervention is 
restoration of the efficiency of the blood circulation as quickly as possible. Very many 
casualties have been saved by this means (Babcock 1944, Altman and Dittmer 1975, 
Bishop 1961).
However, there are two sides to this problem, and it has been discovered that 
treatment of hypovolemic shock is sometimes associated with serious complications, 
namely, renal failure, lung failure, hepatic failure etc (Adkison et al. 1986, Block et al.
1989). From Table 7-2 we can see that hypovolemic shock and sepsis are the major 
causes of MOF.
Cell and organ injury due to ischaemia-reperfusion is an extremely frequent cause of 
morbidity and mortality in industrialized countries around the world. Ischaemia- 
reperfusion injury may affect many organs, including the heart (Hearse 1977, Hori et al. 
1991), brain (Flamm et al. 1978), liver (Jaeschke 1991, Jaeschke and Farhood 1991), 
lung (Shasby et al. 1989), intestine (Parks and Granger 1983, Schoenberg et al. 1985), 
skin (Manson et al. 1983), kidney (Patter et al. 1984) and pancreas (Sanfey et al. 1983). 
Because of the tremendous importance of MOF, a major research effort is devoted to 
investigating the mechanisms involved in the pathogenesis of ischaemia-reperfusion 
injury in the individual organs, and hence to develop strategies for therapeutic 
interventions (Ontell et al. 1989). Specifically, in the liver, ischaemia arises in the 
pathophysiology of hypovolemic shock, in liver transplantation and in injury during 
liver surgery (tumour resection, trauma). In certain respects, the liver may be more 
vulnerable to ischaemic injury than other organs such as the kidney. For example, cold 
ischaemic storage of human livers for transplantation surgery is currently limited to
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about 10 hours, whereas human kidneys can be successfully preserved by identical 
methods for 48 hours or longer.
For more than two decades scientists have sought ways to protect against ischaemia- 
reperfusion tissue injury, and many interventionary procedures and agents have been 
exhaustively studied, but with little success. At best, pharmacological treatments may 
delay tissue necrosis but will not decrease the infarct. In the 1980s it became clear that 
post-ischaemic tissue injury is no longer from the ischaemia itself (certainly, the 
ischaemic time is limited within a range), but from restoration of blood flow, strictly the 
re-introduction of oxygen to the ischaemic tissue, which is prerequisite for tissue injury 
during ischaemia-reperfusion (McCord and Fridovich 1969, McCord 1985).
(ii) The production of reactive oxygen species in ischaemia-reperfusion
In 1954 Gerschman and Gilbert proposed that most of the damaging effects of 
elevated oxygen concentrations in living organisms could be attributed to the formation 
of free radicals (Gerschman 1981). However, this idea did not capture the interests of 
many biologists or clinicians until the discovery in 1969 of an enzyme specific for the 
catalytic removal of ROS. This enzyme is superoxide dismutase (SOD), which is an 
important antioxidant defence against the propagation of the free-oxygen radical reaction 
chain, and hence against lipid peroxidation and oxidative stress. This pioneering work 
of McCord and Fridovich (McCord and Fridovich 1969) has led to many fundamental 
scientific discoveries. From adaptation, mutation, genetic engineering and comparative 
biochemistry studies it has been demonstrated that superoxide dismutase is a major 
cellular antioxidant.
Recent studies have focused attention on the possible role(s) of ROS in protein 
damage and degradation. A wide variety of ROS are known to exist, and most have 
been proposed as biological mediators by various investigators. Davies (1987) reported 
that protein damage and degradation could be effected by ROS, and demonstrated that 
proteins which have been denatured by OH* can be recognized, then rapidly degraded, 
by intracellular proteolytic systems. In contrast with this, superoxide (02'*) does not 
cause protein aggregation or fragmentation, possibly because of the protective action of 
superoxide dismutase. The combination of OH* with 02“* or 02 induces changes in 
proteins involving tryptophan loss, and the formation of tyrosine dimers. The pattern of 
such changes was similar to that seen with OH* alone. The OH* radical was the 
initiating species in all cases, with oxygen and/or 02'* appear to modify significantly the 
damage induced by OH*.
(in) Formation of ROS by the xanthine oxidase system
After the discovery of superoxide dismutase, much research concentrated on the 
pathways for the generation of 02*" within cells, on the nature of the damage that can be 
effected by the ROS (Fridovich 1988, Fisher 1988) and on the mechanism of ROS
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produced by phagocytes (Babior et al. 1988). Superoxide is known to accelerate the 
metal ion-dependent formation of highly reactive OH- from H202 according to the 
metal-catalyzed Haber-Weiss reaction (Preece et al. 1988).
It has been demonstrated that during the the period of ischaemia cellular ATP levels 
fall and anaerobic metabolites, e.g., xanthine and hypoxanthine, accumulate in the 
ischaemic tissue. Furthermore, the normal form of xanthine dehydrogenase is rapidly 
changed to xanthine oxidase form after only 1 minute of ischaemia. The high levels of 
xanthine oxidase with the high concentration of the substrates, xanthine and 
hypoxanthine, result in the formation of superoxide radicals and hydrogen peroxide 
during the re-introduction of oxygen.(See Figure 1-8). There is now a substantial body 
of evidence which indicates that reactive oxygen metabolites mediate ischaemia- 
reperfused tissue injury. The role of xanthine oxidase is supported by reports that 
inhibition (allopurinol) or inactivation (tungsten-supplemented) of the enzyme provides 
a degree of protection against ischaemia-reperfusion injury (Granger et al. 1981, Parks 
and Granger 1983). These observations, coupled to the high activity of the enzyme in 
ischaemic tissue, have led us to conclude that xanthine oxidase is a major source of ROS 
produced following reperfusion of the ischaemic tissue.
The concept that xanthine oxidase-derived ROS mediate the tissue injury associated 
with reperfusion of an ischaemic organ was first proposed in 1981 (Granger et al. 
1981). Since its inception, most of the assumptions in this concept have been tested, 
and the concept has been extended to cover most organ systems. An important 
assumption, in the ROS hypothesis of ischaemia-reperfusion injury, is that the tissue 
injury observed after reperfusion is due to the re-introduction of oxygen rather than to a 
delayed manifestation of injury incurred during the ischaemic period. Although the 
validity of this assumption has not been unequivocally resolved, there are several lines 
of evidence that tend to support it. Parks (et al. 1982) and Granger (1988) have 
demonstrated that rat intestinal mucosal injury produced by 3 hours of ischaemia and 1 
hour of reperfusion is significantly greater than that produced by 4 hours of ischaemia 
without reperfusion. It was also found that reperfusion of intestine with deoxygenated 
perfusate after 3 hours of ischaemia produced significantly less injury than that observed 
after reperfusion with oxygenated whole blood.
Unfortunately, the phenomenon is not as simple as the above conclusions would 
suggest. Firstly, the ATP levels in the ischaemia-reperfused tissue were restored to 85% 
of the pre-ischaemia levels some 10 minutes after reperfusion (Schoenberg et al. 1985), 
which means that energy metabolism, the production and utilization of ATP in the 
ischaemia-reperfused tissue returns to the normal aerobic pathways and the anaerobic 
energy metabolic pathways are extinguished. In this condition there is no longer any 
change of xanthine dehydrogenase to xanthine oxidase, nor any xanthine/hypoxanthine
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substrate formation after initiation of the reperfusion and re-oxygenation. Secondly, any 
xanthine oxidase and substrates accumulated during the ischaemic period will be diluted 
rapidly within 2-3 minutes of reperfusion (Jaeschke et a l  1990). Those observations 
indicated that the role of xanthine oxidase is the initial source of ROS after reperfusion 
(within a few minutes) of the ischaemic tissue, but it has been observed that ischaemia- 
reperfused tissue injury (e.g, enzymes released from ischaemia-reperfused liver or 
microvascular permeability) continuously develops and is more severe in the 60-90 
minutes periods of reperfusion than at the beginning of the reperfusion period. Indeed, 
in a recent report, no protective effect of allopurinol, an inhibitor of xanthine oxidase 
against ROS production, was observed in vivo (Metzger et a l  1988, McEnroe et a l  
1986, Kunz et a l  1991). In addition to this indirect and equivocal biochemical evidence 
for the involvement of reactive oxygen in hepatic ischaemia-reperfusion injury, the 
direct quantification of the intracellular formation of ROS in isolated livers revealed that 
only small amounts of ROS were formed during the beginning of the reperfusion period 
following ischaemia (Jaeschke et a l  1988,1989). However, during the last few years it 
has become increasingly clear that the original hypothesis of xanthine oxidase 
involvement was too simplistic, and that particularly there are organ-specific differences 
(Kehrer and Starnes 1989).
(iv) Formation of ROS in inflammation
There are several lines of evidence which suggest that inflammatory cells that 
accumulate in the ischaemia-reperfused tissue contribute to ischaemia-reperfusion tissue 
injury (Babior et a l  1988, Cohen et a l  1988, Engler et a l  1986, Grisham et af. 1986). 
It has been known for many years that large numbers of neutrophils infiltrate infarcted 
myocardiac tissue, presumably to aid in the repair and resolution of damaged tissue. 
Neutrophils may also invade infarcted tissue as a result of infection following oxidative 
stress and hypovolemic shock. The roles of infection (neutrophils) and hypovolemic 
shock (ischaemia-reperfusion) in causing MOF are analysed in Table 7-3.
The role of neutrophils in the production of ROS after ischaemia-reperfusion was 
first proposed by Romson and co-workers (1983) in studies of the myocardium. They 
observed that neutrophil depletion with neutrophilic antiserum decreased the infarct size 
to a similar extent as did pretreatment with oxygen radical scavengers. Using depletion 
of circulatory neutrophils, by treatment with canine neutrophilic antiserum, before 
occlusion of the left anterior descending artery, dramatically decreased the post- 
ischaemic neutrophil infiltration into the infarcted heart and decreased the infarct size by 
45%. They conclude from these studies that the accumulation of neutrophils in the 
damaged myocardium exacerbates reperfusion injury, which is due, in part, to the 
production of ROS by neutrophils. It has been recently reported that occlusion of the 
anterior descending coronary artery for 60 minutes, followed by reperfusion for various
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periods of time resulted in the rapid migration of circulatory neutrophils into the 
damaged myocardium. Furthermore, it was demonstrated that drugs which inhibit 
neutrophil infiltration (BW 755C) or deplete circulating neutrophils (hydroxyurea) 
significantly decrease the infarct size (Romson et al. 1983). From these studies, it has 
been demonstrated that neutrophils contribute significantly to the pathogenesis of post- 
ischaemic tissue injury. Kurtel et a l  (1991) demonstrated that pretreatment of rats with 
anti-neutrophil serum with marked decrease circulating neutrophils, following by 10 
minutes total occlusion of the superior mesenteric artery, led to a significant reduction 
(P<0.01) in tissue myeloperoxidase activity observed 24 hours after 10 minutes 
occlusion of the mesenteric artery. Neutrophil depletion also prevented the decrease in 
lipid transport in intestinal lymph, which is a very sensitive index of mucosal function, 
and is markedly decreased by occlusion of the mesenteric artery. This indicated that 
neutrophils play an important role in mediating the mucosal dysfunction elicited by 
ischaemia-reperfusion.
(v) N eutrophils: a source of ROS
The number of substances produced by the neutrophils continues to increase and 
includes some 50 toxins; they are divided into two groups: namely, those produced on 
the plasma membrane, and the those in the intracellular granules. The NADPH oxidase 
system is a membrane-associated enzyme complex that is widely perceived to participate 
directly in the generation of at least three reactive oxygen species, namely, superoxide 
anion (02'*), hydrogen peroxide (H2O2) and the hydroxyl radicals (OH*). When the 
neutrophils are activated, the NADPH enzyme system accelerates the transport of 
electrons from cytosolic NADPH to oxygen dissolved in the extracellular fluid. 
Neutrophils also contain large amounts of myeloperoxidase (up to 5 % of the dry weight 
of the cell), and in combination with H2O2, myeloperoxidase can oxidise the halides Cl- 
, B r, or I- to their corresponding hypohalous acids (HOX).
H20 2 + X- + H+ myel°per°Kidaf~  HOX + H20  
(X- = Cl-,Br-,I-)
Because the plasma concentration of Cl- is more than a thousand times that of the other 
halides, the H2C>2-myeloperoxidase system probably uses Cl- at most sites in vivo. 
Quantitative analysis has demonstrated that 106 maximally activated neutrophils 
produced approximately 2 x 10-7 mol of HOC1 during a two-hour period. The amount 
of HOC1 detected accounted for almost all the H2O2 generated by the cell. Given the fact 
that HOC1 is an extremely powerful oxidant, which rapidly attacks a wide range of 
biologically-relevant molecules, the quantities of oxidant generated by neutrophils are 
substantial and constitute the major biological defence against infection. At neutral pH, 
the 2 x 10-7 mol of HOC1 generated by 106 neutrophils is enough to destroy 108 
Escherichia coli organisms in milliseconds (Test and Weiss 1986). The inflammatory
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tissue may contains 108 to 109 neutrophils per ml, so that millimolar concentrations of 
HOC1 (i.e., >1, 000 nmol per ml) are easily in excess of the concentration required for 
protection against infection. Grisham et al. (1986) demonstrated that after 3 hours of 
ischaemia, myeloperoxidase activity was dramatically increased. During the reperfusion 
that followed the 3 hours of ischaemia, myeloperoxidase activity increased to an even 
greater extent, and reperfusion for 1 hour resulted in an 18-fold enhancement of the 
myeloperoxidase activity.
Neutrophil granules contain a family of over 20 enzymes, but 3 proteolytic enzymes, 
namely, serine proteinase, elastase, and the two metalloproteinases (collagenase and 
gelatinase) seem to have the greatest potential for tissue destruction. The neutrophil is 
able to use the membranous NADPH oxidase system and the proteolytic enzymes of the 
granules in a cooperative and concerned manner, to enable the neutrophil to have the 
ultimate tissue destructive potential (Weiss 1990).
3. Patient care—nutritional supplementation: Severe trauma casualties and other 
critical care patients may survive major operations and most complications, provided 
that patients care is appropriate and adequate ventilation support, restoration of blood 
volume, nutritional supplementation (including vitamins), etc., are provided. Good 
nutrition can enhance the cellular ability for the detoxification of exogenous chemicals 
and endogenous toxic materials, such as ROS, due mainly to an increase of antioxidants 
in the tissues, for example, GSH, vitamins C, and E, and proteins (Figure 7-3).
It has been demonstrated that addition of 2 pM exogenous vitamin E acetate into rat 
liver microsomal incubations in vitro resulted in a 30% decrease in lipid peroxidation 
and prevention of 55% of the oxidative loss of microsomal sulphydryl groups (Murray, 
1991). Under identical conditions, it was found that P450-mediated steroid hydroxylase 
activities were also partially protected from oxidative stress (to 33-51% of activities 
observed in the absence of peroxidation).
The intact liver has a very high antioxidant capacity and can therefore detoxify an 
extremely high level of oxidant stress without adverse effects intracellularly. However, 
when the defence against reactive oxygen species fails, e.g. by fasting in rats, the 
animals become highly sensitized to injury by reactive oxygen species. For example, 
fasting and diethyl ether both induce cytochrome P4502E1, which then produce more 
reactive oxygen species, resulting in oxidative stress and tissue injury (Liu et a l  1991). 
The mechanism of oxidative stress tissue injury is illustrated in Figure 7-4.
4. F u tu re  Perspectives
My current studies have demonstrated the following:
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(1) The hepatotoxic/nephrotoxic effects of ether anaesthesia are due in part to the 
overnight fasting, and in part to ether toxicity. Both fasting and ether induce cytochrome 
P4502E1, which produces a burst of reactive oxygen species, resulting in oxidative
, stress, lipid peroxidation, the destruction of other constitutive cytochromes P450, and 
tissue necrosis (Chapters 2, 3).
(2) During ether anaesthesia the tissues are faced with a high potential for oxidative 
stress, with the continuous decrease of the tissue contents of GSH and other 
antioxidants. The consequence is that anaesthetic dosage correlates positively with the 
extent of lipid peroxidation, and negatively with tissue total antioxidant contents 
(Chapter 4).
(3) Oxidative stress is now measurable in tissues by the use of the oxygen electrode to 
determine total redox-buffering capacity or radical-trapping activity (RTA) (Chapter 5).
(4) In ischaemia-reperfusion tissue injury, in addition to xanthine oxidase acting as a 
source of reactive oxygen species, the accumulation of neutrophils in the ischaemia- 
reperfused tissue is also an important source of ROS (Chapter 6).
With the application of modem science, and medical/surgical techniques, patients no 
longer die from the trauma or infection itself, but from various complications. The major 
cause of death in critical care patients is now single or multiple organ failure following 
ischaemia-reperfusion or severe trauma.
Accordingly, research should be undertaken into the better understanding of the 
mechanism(s) of oxidative stress and the resultant tissue injury, brought about by 
chemical toxins or by surgical trauma. It is clear that nutritional factors afford materials 
needed for the synthesis of microsomal monooxygenases and other detoxication 
systems, but also result in the control of cytochrome P4502E1 activity and in protection 
against peroxidation and lipid peroxidation. It is necessary to undertake in-depth studies 
some of the following aspects:
(i) Protection against oxidative stress tissue injury.
In conditions of stress or trauma, such as extensive bums, a group of "acute-phase" 
proteins synthesed by the liver is markedly increased. This is a normal response to 
tissue damage, e.g. to trauma, or to both acute and chronic inflammation. It is tempting 
to speculate that the increased synthesis of acute phase proteins, such as caeruloplasmin 
is a mechanism to protect the tissue against further damage from ROS since, 
caeruloplasmin is an effective radical scavenger and protects against lipid peroxidation. 
In starvation, or conditions of stress, or inflammation, when ROS are produced at a 
high rate and lipid peroxidation in the liver destroys cytochrome P450, the ribosomes do 
not bind to the endoplasmic reticulum to synthesize glycoproteins, but synthesize
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polypeptides in the cytosol. This is not surprising since the binding sites of the 
ribosomes on the endoplasmic reticulum are considered to be the cytochromes P450.
Can the cells’ inherent propensity for self-preservation be harnessed to produce new 
methods of protection? Heat shock protein (hsp), which was discovered in 1962 by 
Ritossa, may be worth pursuing. Stress proteins or heat shock proteins were originally 
identified because of their increased synthesis by many cell types after exposure to 
raised temperatures. Subsequently, other stimuli -  e.g., sulphydryl reagents, anoxia, 
and amino acid analogues -  were shown to induce increased synthesis of these proteins. 
Closely-related or identical proteins have been found in normal cells. Thus it is now 
widely believed that heat shock proteins play an essential role in normal cells and in the 
cells’ responses to stress. In response to ischaemia the synthesis of hsp 70, one of the 
heat shock proteins is increased, whereas synthesis of most cellular proteins is 
decreased as in heat shock. Moreover, the increased concentrations of hsp 70 are 
accompanied by increases in the corresponding mRNA, whereas concentrations of other 
mRNAs decline after ischaemia, as they do during heat shock. A similar role for the 
hsps is seen in the protection of tissue during episodes of inflammation and autoimmune 
diseases as diverse as arthritis and diabetes. These researchers also noted that 
concentrations of endogenous catalase were higher in the heat-shocked animals than in 
controls. A wide variety of direct and indirect evidence suggests that heat shock proteins 
play a critical role in the defence of the cell against damaging agents, especially hsp 90 
and hsp 70 which play a particularly critical role in protecting cells from stress 
(Latchman 1991). It might therefore be possible to design therapeutic agents which 
would induce increases in hsp without the necessity for applying a stressful stimulus. 
This approach would represent a means of protecting the tissue from damage during 
ischaemia-reperfusion by enhancing its own endogenous protective procedures.
There are many other protecting systems in the healthy animal, and Wayner et al.
(1987) measured the relative contribution of chain-breaking antioxidants in human 
plasma and obtained the following data: urate 35-65%, plasma proteins 10-50%, 
ascorbate 0-24%, and vitamin E 5-10%; circulating oestrogens and bilirubin also have 
potent antioxidant activities. The significance of this extracellular antioxidant activity has 
been neglected in recent years because of the interest in such enzymes as superoxide 
dismutase and glutathione peroxidase, and so our knowledge is grossly inadequate. 
Clearly, there is a lot about antioxidant protection in vivo that we do not yet know.
(ii) The role of inflammatory cells in oxidative stress tissue injury
The toxicity of reactive oxygen species generated by stimulated neutrophil respiratory
burst through the NADPH-oxidase system, during ischaemia-reperfusion is an integral 
part of oxidative stress and tissue injury. Many chemo-attractants can activate 
neutrophils, and leukotriene B4 and platelet acting factor (PAF) may play major role.
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Leukotriene B4 (LTB4), which is formed mainly within activated neutrophils, 
stimulates neutrophil aggregation, chemotaxis, respiratory burst, and degranulation. 
Moreover, LTB4 stimulates neutrophil adhesion to vascular endothelial cells, presumbly 
via the expression of leucocyte adhesion molecules on neutrophil cell membranes. Thus 
leukotriene B4 is considered to be an important mediator for tissue and endothelial 
damage as well as for acute inflammatory responses. When measured with a sensitive 
and chemically-specific gas-chromatographic-mass spectrometric assay, only very low 
basal values (<20 pg LTB4/g liver wt) are present in the liver before and during hepatic 
ischaemia. However, during the phase of neutrophil-induced injury, LTB4 
concentration in the liver increased about 50-fold (Hughes et al. 1991). Karasawa et al. 
(1991) demonstrated that leukotriene B4 receptor blockade by LY-255283 protected 
against endothelial dysfunction occurring in splanchnic artery occlusion plus 
reperfusion. These results demonstrated a primary role for LTB4 in the endothelial and 
parenchymal cell injury following the reperfusion of ischaemic tissue.
Another potential chemo-attractant is PAF which plays an important role in the 
microvascular dysfunction and parenchymal cell injury during ischaemia-reperfusion. 
Subsequent investigations have revealed that PAF can be released from other cell types 
including platelets, neutrophils, monocytes and macrophages and endothelial cells 
(Zimmerman et a l  1990). PAF has been shown to be a potent stimulator of other target 
cells including neutrophils, vascular endothelial cells, vascular smooth muscle cells and 
bronchial smooth muscle cells. In vivo, PAF increases microvascular permeability 
resulting in oedema formation (Seale et a l  1991). Kubes et a l  (1990), using ischaemia 
of cat mesentery as a model, demonstrated that a significant increase in PAF levels was 
observed in the intestinal mucosa after 10 and 60 minutes of reperfusion, but not during 
the ischaemic episode, and pretreatment of the cat mesentery with a PAF receptor- 
antagonist resulted in a significant decrease in the rate of leucocyte adherence and 
extravasation. A likely explanation for the beneficial effects of PAF antagonists in the 
ischaemia-reperfusion-induced leucocyte adherence is that these agents are competing 
with newly formed PAF for receptor sites on the leucocyte and/or endothelial cell 
membranes, which modulate leucocyte-endothelial cell adherence. This possibility is 
supported by several lines of evidence, namely, (a) reperfusion of the ischaemic tissue 
is associated with an increased tissue concentration of PAF, (b) PAF infused into the 
superior mesenteric artery promotes leucocyte adherence to mesenteric venular 
endothelium, and (c) PAF receptor antagonists attenuate the adhesive interaction 
between leucocytes and endothelium that is induced by exposure of endothelial 
monolayers to oxidants such as hydrogen peroxide (Seale et al. 1991, Kubes et al.
1990).
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During biological evolution there was a need for a sensitive, efficiently, and 
powerfully protective system to ensure the successful continuation of evolution, despite 
the continuing exposure of organisms to injurious factors such as trauma, infection, 
malnutrition etc. This powerfully protective system is the “inflammatory-immune” 
system, comprising neutrophils which are activated by so many chemotoxins, the 
lymphocytes that make the lymphokines and immunoglobulins, the eicosanoid system 
(leukotrienes, prostagladins, etc.), the antocoids (catecholamines, histamine) etc. 
However, probably the most important of all is the antioxidant system of SOD, catalase, 
GSH, vitamins E and C, etc, which protects the cell against the ultimate damage 
produced by the ROS. Just like the two-edges of a sword, the reaction of inflammatory 
cells also have unfavourable effects, including excess tissue destruction by ROS, and 
more seriously, the various autoimmune diseases (Simpson et al. 1988, Tate et al. 
1984, Mavier et al. 1988, Warren and Ward 1986). The cause of death of many patients 
may thus not be the result of the actual trauma, or bacterial infection, but the 
consequence of an untoward auto-destructive and self-sustaining activation of the 
“inflammatory-immune” system, in which the inflammatory cells react excessively, 
resulting in lethal autoxidative tissue injury induced by over-production of reactive 
oxygen species.
(iii) The pathological role of ATP depletion during oxidative stress
During ischaemia-reperfusion ATP storage in the tissue is decreased and adenosine 
released. Adenosine is a purine nucleoside of fundamental importance as a building 
block in nucleic acids, and also as a regulator of biological function. More recent 
observations by Hori et al. (1991) indicate that adenosine can provide a link between the 
reactive oxygen species and ischaemia-reperfusion injury (Hayashi et al. 1986). During 
ischaemia-reperfusion, the adenosine released from the breakdown of ATP provides a 
natural defence against ischaemia-reperfusion injury via several mechanisms, including 
vasodilatation, inhibition of neutrophil adhesion and activation, and perhaps inhibition 
of other inflammatory processes. Adenosine appears to be the chemical signal that 
inhibits the inflammatory system from injuring viable tissue near a necrotic cell. The 
hypothesis that adenosine is the signal for inhibition of the inflammatory system and the 
signal for termination of ROS injury, requires more evidence to support it.
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Table 7-1. Distribution and mortality by organ failure
No. of organ failures Total % of Cases 
of MOF
Mortality
One 44 / 13(30%)
Two 21 52 , 12(57%)
Three 11 28 9(80%)
Four 8 20 7(88%)
Total MOF 40 28(70%)
(From Henao et al. 1991.)
Table 7-2. Results of logistic regression analysis for dependent variables 
in multiple organ failure (MOF)
Coeff. S.E. Pval. 
of correlation
Age (years) 0.0011 0.014 N.S.
Hypovolemic shock 1.0801 0.404 <0.01
Volume load* 0.1956 0.437 N.S.
Sepsis 0.8143 0.357 <0.01
Time to treatment* 0.6792 0.326 <0.05
(From Henao et al. 1991.)
* Volume load is the total transfusion volume. Time to treatment is the time 
between injury and interventionary treatment. This table shows that the major factors 
resulting in MOF are hypovolemic shock > sepsis > time to treatment.
Table 7-3. Relationship between infection and hypovolemic shock in 
multiple organ failure (MOF)
“  MOF ”
hypovolemic shock  _______________________  % with
and infection present absent totals MOF
Both present 
Shock present 
Infection present 
Neither present 
Total
9 1 10 90
14 18 32 44
8 17 25 32
9 84 93 10
40 120 160 25
(From Nenao et al. 1991.)
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Figure 7-1. Metabolism of halothane in vivo.
Halothane may be metabolised by reduction to the halothane radical plus 
Cl", or by oxidation to trifluoroacetaldehyde. Both routes of metabolism 
give rise to ROS production, the first (reduction) by initiating radical 
chain-reactions, the latter (oxidation) by an immune response. Halothane 
also results in ROS production by inducing CYP2E1.
165
Hemtroilil:'/-'
&
Toxic kgtnts
z L 1 ,
MPC + H 2 0 2 y  n<
(cr' i r  o °
n a d p 4:
.OBkcterU
, NADPH oxidise NADPH 
oapksm i "*
memlinaie Hixose monophospluJte \
V S shuM
V  r
Figure 7-2. Myeloperoxidase (MPO)-hydrogen peroxide-halide bactericidal 
activity of neutrophils. NADP+ and NADPH are the oxidized and reduced forms of 
nicotinamide adenine dinucleotide phosphate.
Malnutrition 
and 
anaesthesia
Depletion 
of
.GSH
TISSU E
IN JU RY  Enhancement
Increase 
of
ROS
Acetone 
and 
ether
Induction 
of
P4502E1
of
autooxidation\
Figure 7-3. The relationship between nutrition, cytochrome P450 and tissue 
autoxidation.
Figure 
7-4. The pathogenesis of oxidative 
stress tissue injury.
O n0\
1 6 6  B
Conclusions
(1) Fasting enhances cytochrome P4502E1 activity and leads to reactive oxygen 
species production.
(2) Ether anaesthesia exacerbates this phenomenon and-reasults in even greater ROS 
production. Effects of ether and fasting are additive.
(3) ROS production results in destruction of liver and kidney cytochrome P450s 
except for cytochrome P4502E1.
(4) Fasting results in depletion of glutathione and other antioxidant protecting 
agents.
(5) Ketamine and urethane also result in oxidative stress, but to a much lesser 
degree.
(6) Ether anaesthesia shows a dose response in the loss of cytochrome P450s in 
oxidative stress.
(7) An oxygen electrode method for determining tissue concentration of antioxidant 
protectants (RTA) has been developed.
(8) RTA shows a negative correlation with TEAR, and positive correlation with 
GSH and cytochrome P450.
(9) After urethane anaesthesia to minimize cytochrome P4502E1 induction, liver 
ischaemia, as a model for hypovolemic shock, exhibits two bursts of ROS production 
on hepatic reperfusion. The first and minor burst is considered to be associated with 
xanthine oxidase, the second and major burst is associated with leucocyte invasion.
(10) Following ischaemia and reperfusion of the liver, leucocyte invasion is seen 
also in the non-ischaemic lungs. This is considered as a possible mechanism of multiple 
organ failure.
Further Work
(1) Glucose-saline perfusion for 0.5 hour before anaesthesia/surgery, and after 12 
hours fasting, to generate NADPH/NADH, and reduce GSH, to prevent loss as 
GSSG, and ensure reduction of acetone to P-hydroxybutyrate, etc, should be studied.
(2) The use of cysteine/acetylcysteine to treat surgical traumatic patients pre- and 
post- surgery should be observed.
(3) Elimination of oxidative stress by using anaesthetics that are not substrates of 
cytochrome P4502E1, and hence do not generate ROS should be investigated.
(4) The use of antioxidants, e.g. trolox, BHT (butylated hydroxytoluene) etc., pre- 
and post- surgery should be considered.
(5) As the intermediates of ether, ethanol and halothane and other hepatotoxic 
cytochrome P4502E1 substrates are all aldehydes which causé ; toxicity, the effects of 
acetaldehyde and trichloroacetaldehyde on oxidative stress should be studied.
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